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Abstract 
The tragic nuclear accident at the Fukushima-Daiichi power station in Japan brought in to our 
attention the risk associated with the current design of reactors based on uranium dioxide (UO2) 
fuel and zirconium cladding. As an offshoot, the research towards accident tolerant nuclear fuel 
(ATF) that can withstand the loss of coolant for a long time while improving thermal efficiency 
has gained momentum. Most desirable thermophysical properties expected of an ATF is high 
thermal conductivity, the lack of which leads to the poor dissipation and rapid meltdown at the 
core of the fuel pellet during the loss of coolant. 
Several approaches are being considered by researchers across the world to improve the thermal 
conductivity of nuclear fuels. Apart from the state of art of uranium-based fuels, there is a renewed 
interest in thorium-based fuels (especially thorium dioxide (ThO2) and thorium nitride (ThN)) in 
the quest of ATF. This thesis focuses on evolutionary fuel concepts based on thoria fuels. Unlike 
UO2, the information regarding the thermophysical properties of ThO2 fuels, and the additive 
materials under the normal operating conditions and the extreme accident conditions are not well 
known. Therefore, in this thesis, the computational techniques such as density functional theory 
(DFT) and classical molecular dynamics (MD) are used to determine the thermophysical properties 
of the thoria fuel, surrogate of thoria CeO2 and additive materials such as SiC and BeO. One of the 
significant limitations in the front end of the thoria fuel cycle has the difficulty of fabricating dense 
pellets by conventional sintering techniques. Hence the processing of thoria fuels by the spark 
plasma sintering (SPS) was proposed, and the effect of the sintering parameters on the density, 
microstructure and the thermal conductivity of ThO2 fuel was established. Finally, using SPS, a 
novel composite fuel of ThO2-SiC has been fabricated with the enhanced thermal conductivity.   
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Chapter 1 : Introduction 
1.0 Overview  
This chapter focuses on the motivation behind this dissertation. Here the relevance of nuclear 
energy and brief general review of the concept of accident tolerant fuel (ATF) are discussed. The 
main goal of this research and the specific objectives of the study are presented in this section. An 
overview of the content of this thesis is also highlighted. 
1.1 Significance of nuclear energy  
The supply of a reliable, clean and affordable source of energy, in a sustainable manner, is a 
fundamental requirement for the modern society. According to the recent scenarios, the world’s 
energy needs are expected to increase by a factor of 1.5–3 times by 2050 [1]. During the same 
period, electricity production is expected to increase twice, as shown in Fig. 1.1 [1]. The energy 
sources that will meet the future demand will be determined by the availability of technologies, 
environmental and health impacts, generating cost, the security of supply, and public acceptance 
[2]. Among the available energy sources, nuclear energy can potentially provide electricity readily 
with low carbon dioxide emittance [2] and easily realized the future demands. In 2016, nuclear 
energy produced over 11% of the world’s electricity [1]. 
 
Fig. 1.1. Shows the anticipated demand for energy and electricity up to the year 2050 [1]. 
Apart from replacing coal and natural gas for electricity production, nuclear energy is playing a 
role in hydrogen generation, production of radioisotopes, marine propulsion and in providing clean 
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water for drinking and water for industrial use  and irrigation. Therefore, further development of 
nuclear technology in a sustainable and environmentally conscious manner is crucial.  
1.2 Nuclear Fission  
Nuclear energy can be obtained from nuclear reactions such as fission or fusion. In the current 
scenario, the nuclear fission of uranium (U) is the major contributor to nuclear energy. In a fission 
event, the fissionable nucleus reacts with a neutron (0n
1), becomes temporarily unstable and 
undergoes fragmentation into fission products. In the case of fissile uranium-235 (U-235), the 
absorption of neutrons leads to a fission reaction as follows:  
92U
235 + 0n
1 = 56Ba
144 + 36Kr
89 + 3(0n
1) 
The U-235 absorbs a neutron and becomes a very unstable U-236, which spontaneously splits into 
two different atoms most often (barium (Ba) and krypton (Kr)). The three free neutrons collide 
with other U-235 atoms, further producing three additional free neutrons each, thus sustaining the 
chain reaction. Thorium 232 (Th-232), another fertile element of increasing importance, transmute 
into a heavier nuclide U-233 that is fissile. The Th-232 captures a neutron, becomes Th-233 and 
then undergoes two beta decay to become Pa-233 (Protactinium) and then through another  beta 
decay U-233 is produced as shown below. 
 
 
1.3 Nuclear reactors  
Ever since the beginning of nuclear power production on an industrial scale, nuclear reactor 
designs have evolved to improve efficiency and safety features. The historical evolution of nuclear 
reactors is classified into four different generations. Generation I reactors are the early prototypic 
reactors, first to produce the civilian nuclear power in the mid-20th century. The reactors in the 
shipping port in the United States and Calder Hall in the United Kingdom are some examples. 
Generation II reactors are the commercial power reactors incorporating features to increase reactor 
safety and reduce the risk associated with accidents. The safety features of Generation II reactors 
were enhanced by the active safety systems which were activated by peoples in the control room. 
Most of the currently operating nuclear reactors employ generation II technology, and the 
 232
Th                        
233
Th                      
233
Pa                       
233
U 
(n,Ƴ ) (β
-
) (β
-
) 
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examples of generation II nuclear reactor includes the pressured water reactors (PWR), boiling 
water reactor (BWR), CANDU (Canada Deuterium Uranium). However, the drawback of these 
Generation II nuclear reactors is that the safety systems cannot be operated if the electric power 
systems are shut down.  
 
Fig. 1.2. Generations of nuclear power reactors [3]. 
After the Three Mile Island and the Chernobyl accidents, the generation III or III+ types of the 
reactors were developed with higher safety levels. Two different approaches were adopted; some 
designs implement an enhancement of the active safety system used in Generation II nuclear 
reactors, while the other design implemented an innovative passive safety concept. The passive 
safety concept requires the minimal need for electricity, mechanical components activation and 
human intervention because the driving forces to activate the safety features are based on the 
natural physical principles [3]. French EPR (European pressurized reactor) and the US-Japanese 
ABWR (Advanced boiling water reactor) were based on the enhanced active safety systems, and 
US AP (Advanced Plant) 1000 pressurized water reactor and the US-Japanese ESBWR (economic 
simplified boiling water) were equipped with the passive system [3].  
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Generation IV reactors are a set of revolutionary reactors that are researched and developed under 
the Generation IV International Forum (GIF). In the year 2000, 12 countries initiated an 
international collaboration to identify and select the nuclear technologies for the future that satisfy 
the main requirements such as a) sustainability, with more effective nuclear fuel exploitation, 
lower waste production and long-time burden, b) economics c) enhanced safety  and d) non-
proliferation and physical protection [4]. In 2002, GIF selected six reactor technologies among 
about hundred concepts reviewed. The selection of these technologies was made based on the 
criteria of providing clean, safe and cost-effective energy on a sustainable basis. The selected 
reactors are Gas-cooled Fast Reactor (GFR), Very High Temperature Reactor (VHTR), Sodium-
cooled Fast Reactor (SFR), Lead-Cooled Fast Reactor (LFR), molten salt reactor (MSR) and 
Super-Critical Water-Cooled Reactor (SCWR). Canada has signed to take up research on SCWR 
because it is an evolution of the current CANDU reactor.  
1.4 Nuclear fuels and the concept of accident tolerant fuels 
Nuclear fuels are highly complex materials that have undergone constant development over the 
past four decades [5]. Even though there have been many improvements in the original designs 
and materials used, the basic concept of uranium dioxide (UO2) fuel pellets and zirconium cladding 
has remained the standard for most of the commercial nuclear power plants. The light-water 
reactors (LWR), the commonly used commercial nuclear power reactor uses UO2 fuel enriched to 
approximately 4.0 to 4.95% 235U. However, the Fukushima nuclear mishap has illustrated the risk 
associated with the current design of reactors based on UO2 fuel. One of the significant drawbacks 
of the UO2 fuel is its low thermal conductivity, which is further degraded due to oxidation and 
irradiation at high temperature. Therefore, after the Fukushima nuclear disaster in 2011, several 
countries have started to focus on nuclear reactor fuels with enhanced accident tolerance- ATF [6]. 
The features of ATF include the following characteristics such as the ability to withstand the loss 
of coolant in a reactor core for an extended time, higher temperature of operations, reduction of 
operational and maintenance cost and to the improvement of the nuclear power plant performance.  
To achieve accident tolerance, changes are proposed to the fuel pellets and the fuel cladding-two 
components of the reactor core. In this thesis, the primary focus is on the fuel pellets. Therefore, 
the discussions will be limited to fuel. The fuel performance under the normal operating conditions 
and the possible enhanced accident tolerance of a specific ATF can be determined from the 
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material properties of a given fuel; hence, it is essential to understand the key material properties. 
The desired material properties are classified into the following categories; 
 Thermal properties: higher melting point, higher thermal conductivity, lower specific heat 
capacity and a lower coefficient of thermal expansion.  
 Mechanical properties: lower yield strength, higher toughness, rapid creep rate and high 
modulus of elasticity.  
 Neutronic properties: higher fissile density and higher fission cross-section.  
 Chemical properties: lower corrosion and lower fission product release. 
Before being assertive on the commercial applications of any of the ATF, it is essential to 
quantitatively understand if the material properties of the proposed fuel adhere to the constraints 
established for the use in commercial reactors. Several fuels are currently under considerations for 
ATFs, ranging from those with slight variations on the current UO2 technology (the evolutionary 
fuel concept) and those that are significantly different from the current state of the art (the 
revolutionary fuel concept). In the following section, each of these fuel concepts is explained in 
detail. 
1.5 The evolutionary fuel concept 
In the evolutionary fuel concepts, dopants or additives are used to modify the properties of existing 
fuels. These fuels can be more easily deployed in a shorter time frame because they use the present 
state of the art technology, experience and expertise. The evolutionary fuels are broadly classified 
into two categories; a) doped fuel and b) composite fuel.  
1.5.1 Doped fuel  
Dopants or additives enhance the critical properties of the existing nuclear fuels, thereby adding 
its values, reliability and the ability to mitigate the consequences of an accident [7]. Since UO2 is 
the most commonly used fuel in the LWR, here we discuss the doped-UO2 in details. Depending 
upon the amount of the dopant and the role of the additives, the oxide-doped UO2 is divided into 
doped and microcell UO2 pellet. In the doped-UO2 pellet, the primary purpose of adding the dopant 
is to increase the average grain size of the fuel leading to an enhancement in the viscoplastic 
behaviour and slowing the fission product release [8]. Several researchers have investigated the 
effect of different dopants such as oxides of chromium [8–11], magnesium [12], niobium [13] and 
titanium [14] on the microstructure of UO2. An analysis of the microstructural and mechanical 
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properties of the unirradiated doped-fuels; chromium oxide (Cr2O3) was determined to be most 
favourable dopant [9]. AREVA developed an improved UO2 fuel [15] with Cr2O3 dopant (amount 
close to the solubility limit in UO2), leading to large grain size (50-60 μm) and increased fuel 
viscoplasticity. Later Westinghouse has developed another dopant fuel of UO2 called ADOPT 
(Advanced DOped Pellet Technology) fuel, that contain aluminium oxide (Al2O3)-Cr2O3 [7]. The 
addition of Al2O3 not only enhances the grain size enlarging the effect of Cr2O3 but also helps 
reduce the amount of Cr2O3 while having similar benefits of the pellets with just Cr2O3 dopant.  
In ceramic microcell UO2 pellet, the primary role of the dopant is to minimize the fission products 
(FPs) release in the pellet by providing a microcell structure with oxide additives [16,17]. The 
microcell consists of UO2 grains enveloped by thin walls that are continuously connected. Fig. 1.3 
shows the conceptual schematic of a microcell UO2 pellet. The function of the cell walls is to 
provide multiple chemical traps or a physical barrier against the movement of volatile FPs. The 
improvement in the retention of FP capability leads to a reduction of the inner surface cladding 
corrosion caused by FPs as well as the internal pressure of the fuel rod. The cell wall structure is 
also expected to prevent the massive fragmentation of pellets during a severe accident. The grain 
size of the ceramic microcell UO2 fuel is also characterized by large-grain (~100 µm) and cell 
structure, providing the same beneficial features for the fuel as observed in the previous case of 
doped UO2 fuel. 
 
Fig. 1.3. Conceptual schematic of microcell UO2 pellet adapted from ref. [16]. 
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1.5.2 Composite fuel 
A low volume fraction of highly thermally conductive material is added to the fuel to enhance its 
thermal conductivity. The enhanced thermal conductivity of such fuels enables the lowering of the 
fuel temperature in normal operating conditions and also increases the safety margins for fuel 
melting in case of an accident. Depending upon the material added as additive the high thermal 
conductivity UO2 fuels are classified into two categories; a) CERMET fuel, b) ceramic additive 
fuel. As the name suggests, CERMET fuels have a low amount of metals (5 to 10% vol) added as 
additives-which also provides a physical barrier against the movement of volatile FPs, whereas, in 
the other case additives are ceramic materials (5 to 10% vol). The amount of additives is limited 
to 10 vol% because it provides a significant improvement in conductivity in unirradiated samples 
while not infringing on the enrichment limit of 5%. The first metal-doped fuel that has been used 
in a commercial reactor was a stainless steel doped UO2. Haertling and Hanrahan [18] have 
reviewed UO2 dispersed in refractory metals, including molybdenum (Mo)–UO2, tungsten (W)–
UO2 and rhenium (Re)–UO2 alloys. Among these CERMET fuels, the most widely studied system 
has been W–UO2 system and the data are available primarily for W–UO2 fuel [19,20]. Vatulin et 
al. [21] from Russia have worked extensively on the fabrication of UO2–Zr and UO2–Al cermet 
fuel by the traditional powder metallurgy route, and have been successfully tested in MIR research 
reactor in Russia. 
The potential ceramic materials considered as additive should possess the following properties 
such as high thermal conductivity, low thermal-neutron absorption cross-section, high melting 
point and the chemical compatibility with fuel, cladding and coolant. The need to meet these 
requirements has narrowed the choice of ceramic materials to beryllium oxide (BeO), silicon 
carbide (SiC) and carbon (in the form of diamond, graphene, carbon nanotubes). Ishimoto et al. 
[22] studied two types of BeO doped UO2, the continuous type in which BeO is precipitated along 
the grain boundary, and the dispersed type, were BeO is dispersed randomly. The study revealed 
that the thermal conductivities of the BeO continuous type were higher than those of the BeO 
dispersed type, especially at a lower temperature. For example, the thermal conductivity of UO2 –
1.2 wt% BeO at 1100 K, was higher than that of UO2 – by 25% for the BeO continuous type and 
by 10% for BeO dispersed type. Recently, Zhou et al. [23] have shown that adding 10 vol% of 
BeO increased the thermal conductivity by over 40%. Li et al. [24] fabricated 10 vol% BeO–UO2 
composites by spark plasma sintering (SPS) technique and showed that the thermal conductivity 
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of  BeO–UO2 increases by 45.3% compared with UO2 at room temperature. At 1600 °C, the 
thermal conductivity increment of BeO–UO2 is 60.5%. Such improvement in thermal conductivity, 
especially at high temperature, will significantly decrease the thermal gradient inside the fuel 
pellets and reduce the risk of pellet failure. This work also emphasized the advantages of using the 
SPS technique over conventional sintering techniques. The SPS technique enables to control the 
chemical reactions between the UO2 and the second phase, to achieve densification of the powders 
at significantly lower temperatures and shorter processing time and also to increase the final 
bonding between the UO2 and the additive. The cost-benefit analysis of the BeO–UO2 nuclear fuel 
was investigated by Kim et al. [25] showing that the optimum BeO content is about 4.8 wt%. The 
BeO–doped UO2 fuels require an increase in 235U enrichment of 0.0073 wt%, to keep the cycle 
length unchanged. However, the primary concern with beryllium is its toxicity. But, the 
requirements for safe handling of BeO are similar to those of UO2. Therefore, the toxicity of BeO 
is not a limiting factor in the use of this material with UO2.  
Khan et al. [26] provided the thermal conductivity of UO2–SiC fuel as a function of temperature 
and weight percent of SiC by assuming that the thin coat of SiC that cover UO2 particles will 
determine the thermal conductivity of the composite fuel. Their results have indicated that the 
continuity of the SiC layer is essential for a relatively significant increase in thermal conductivity. 
Yeo et al. [27] fabricated the composite fuels of UO2–10 vol% SiC composite fuel pellets by 
oxidative sintering and SPS at a range of temperatures from 1400 to 1600 °C. In this study, SiC in 
the form of powder particle and whiskers were utilized. The results revealed that the composite 
pellets sintered by SPS process had smaller grain size, higher density, and enhanced interfacial 
contact compares to the oxidative sintering. The measurement of thermal conductivity shown that 
SPS sintered UO2–SiC composites when compared to UO2 pellets increased thermal conductivity 
by 62%, while the oxidative sintered composite pellets had significantly lower thermal 
conductivity values. Also, it was found that 60% increase of thermal conductivity by 10 vol % SiC 
addition leads to a nearly 150 °C decrease in the maximum fuel pellet centerline temperature using 
FRAPCON code developed by PNNL (Pacific Northwest National Laboratory). Yeo et al. [28] in 
another work found that the particle size affected the thermal conductivity of the SPS UO2-SiC 
composite. Adding SiC with a larger particle size of (16 μm and 55 μm) reduced the thermal 
conductivity to a value lower than pure UO2. A series of irradiation tests have been developed by 
the Department of Energy (DOE) Fuel Cycle Research and Development to evaluate the 
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performance of proposed ATF concepts under normal LWR operating conditions. INL placed 
6.5% enriched UO2 with and without additives in the fuel capsules in the test reactors. The first 
group capsules of UO2, and UO2-10 vol % SiC whiskers, fabricated by the University of Florida, 
were taken out at ~8000 to 10000 MWD/MTU for an initial post-irradiation examination. Visual 
examination of these capsules did not reveal anything unusual. Capsule neutron radiography was 
also performed on these capsules. A thermal neutron radiography image did not show any 
significant cracking in the fuel UO2-10 vol % SiC whiskers. There does not appear to be any other 
significant breaches or deformations of the cladding, but more detailed radiographs are to be taken 
after the rodlets are removed from the capsules.  
To increase the thermal conductivity of UO2 fuel pellets, high density UO2–5 vol% diamond 
composite pellets were fabricated by Chen et al. [29], using the SPS technique. Diamond particles 
with nano-size (0.25 μm) and several micro-sizes (3 μm, 12 μm and 25 μm) were mixed with UO2 
powder and sintered using SPS at 1300–1600 ◦C with a hold time of 5 min. The resultant density, 
chemical reaction, microstructure, thermal conductivity and Young’s modulus of the sintered 
pellets were investigated. The pellets with 3 μm diamond particles had a uniform distribution of 
particles as well as better thermal and mechanical properties compared to others. An increase in 
thermal conductivity of up to 41.6%, 38.3% and 34.2% at 100 ◦C, 500 ◦C and 900 ◦C, respectively, 
were measured in the UO2–diamond composite pellets as compared to the pure UO2 fuel pellets.  
Cartas et al. [30] introduced the concept of adding carbon nanotubes (CNTs) into UO2 for thermal 
conductivity enhancement using SPS. In this study, 5 and 10 vol% of single-walled (SW) and 
multi-walled (MW) CNTs were added to pure UO2. Only one sample with 5 vol% UO2-SWCNT 
composite fuel showed a slight increase (2 W/mK at 100 ◦C) in thermal conductivity. In another 
work, Yao et al. [31] sintered UO2-graphite nanoplatelet (GNP) composite fuel via SPS and 
reported that the in-plane thermal conductivity nearly tripled by GNP addition. Recently, Ti3SiC2 
with a continuous network structure was introduced to UO2 by Li et al. [32], to improve the thermal 
conductivity of UO2. A dense microstructure with a clean UO2 -Ti3SiC2 interface was obtained 
using the SPS method. Ti3SiC2 exhibited high thermal conductivity at elevated temperature and a 
coefficient of thermal expansion (CTE) close to UO2. Therefore, the thermal conductivity of UO2 
-Ti3SiC2 was significantly improved compared to that of UO2, particularly at high temperature. 
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1.6 The revolutionary fuel concept 
Significant changes from the current state of technology are expected in the revolutionary fuel 
concept. Different types of cladding concepts could be a way forward, for example, the SiC/SiC 
composite, Oxide dispersion-strengthen (ODS) steel and coated Zr are being investigated to 
mitigate the steam oxidation observed in traditional Zr-based claddings. The use of these new 
cladding materials can have reasonably significant reactivity penalties, leading to an increase in 
the 235U enrichment or a decrease in the nuclear cycle length. To compensate for the reasonably 
significant reactivity penalties, the fissile density of the pellet has to be increased. The fissile 
density can be increased either by using the high-density fuel or increasing the 235U enrichment. 
Even though the fissile density is superior to traditional fuels, none of the high-density fuel 
materials has good water and steam tolerance as the current UO2. However, this disadvantage may 
not disqualify the use of high-density fuels, as the water and steam sensitivity of the fuel has to be 
evaluated for the combination of cladding and the fuel. Work is also being carried out to increase 
the water tolerance for high-density fuels, and to make claddings with much higher resistance to 
leakage. Several high-density fuels such as the nitride fuel, silicide fuel and the carbide fuel are 
under consideration. Uranium mononitride (UN) has long been considered a potential high density, 
high-performance fuel candidate for LWR and fast reactor (FR) applications [33]. Apart from the 
high fissile density and thermal conductivity, the UN also has the advantage of having a melting 
point of several hundred degrees than the other competing ATF U3Si2. However, the deployability 
of this fuel has been limited due to its resistance to sintering and subsequent difficulty in producing 
a desirable microstructure, the high costs associated with 15N enrichment, as well as the known 
proclivity to oxidation and interaction with steam [34]. Efforts are being made to overcome these 
limitations [35,36]. Like the nitrides, carbide fuels also have higher fissile density and higher 
thermal conductivity. Conversely, the interest in the uranium carbide (UC) fuel has diminished 
due to their higher swelling rate under irradiation (roughly twice that of UO2) [37]. The silicide 
fuels are being actively researched [38,39] and are a potential ATF. Of the series of compounds in 
the U-Si phase diagram, only U3Si2 is being considered as a potential ATF. Other higher density 
silicides are rejected due to unacceptable swelling and low melting point. To reduce the swelling 
of the high density fuels, the concept of two-phase UN-U3Si2 [40,41] is being considered. 
Performance evaluation of high-density fuels, including, silicide fuel, was recently performed in 
the development of LWR fuels with Enhanced Accident Tolerance [42].  
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1.7 Triso-SiC composite fuel  
Another fuel concept in the LWR is the tri-structural isotropic (TRISO) particle fuel consisting of 
fissile material bearing kernels, coated with multiple layers of porous or dense SiC and graphite 
[43]. The TRISO particle fuel is historically developed for high temperature gas-cooled reactors 
(HTGR). It has shown excellent FP retention capability through the presence of multiple layers of 
ceramic coating that are chemically stable and mechanically strong at high temperature and very 
high burnups. The TRISO-SiC fuel concept is being proposed to be adopted to the LWRs [43–46] 
where the TRISO particle is embedded inside a SiC matrix rather than a graphite matrix to provide 
dimensional and environmental stability necessary for the LWR operating conditions.  
1.8 Thorium based nuclear fuels 
Although the majority of the nuclear power plant currently in operation use uranium-based fuels, 
there has been a focus on using thorium-based fuels in the present or evolutionary reactors [47]. 
The reason for the renewed interest of the thorium-based fuel has been not only the doubts 
concerning the long-term availability of the cheap uranium but also its inherent advantages. 
Thorium is generally estimated to be three to four times more abundant than uranium. ThO2 does 
not oxidize, has better thermo-physical properties, has a higher resistance to radiation damage, 
higher absorption cross-section for thermal neutrons, and a lower fission product release rate, 
compared to UO2. Furthermore, ThO2 is more proliferation-resistant and produces less transuranic 
elements than uranium-based fuels and aids the incineration of the Pu [48–51]. Considering these 
advantages, the potential role of the thorium in the so-called ATF, as well as the generation 1V 
reactors, are investigated. Among the six future reactor concepts that the GIF proposed, the 
Canadian design SCWR considers the use of solid core thorium [52] and the MSR implement very 
innovative fuel management approaches with the use of fuel (thorium or uranium) in liquid form 
[53]. Apart from these two concepts, thorium fuel cycle alternatives were analyzed in proven 
technologies such as high temperature gas-cooled reactor (HTGR) [54], LWR [55,56] and PWR 
[57], and also for new technologies such as gas turbine modular helium reactor [58], fixed bed 
nuclear reactor [59], and accelerator-driven systems [60].  
Among the solid core thorium reactors, the most straightforward approach is to substitute uranium 
fuel bundles with the thorium fuel rods, and several new reactor core configuration has been 
proposed [55]. However, IAEA (International Atomic Energy Agency) in their report [51] has 
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identified the challenges that need to be addressed before using ThO2 based fuel for commercial 
application.  These challenges include the (a) higher sintering temperature (>2000 ◦C) and the 
requirement of sintering aid (CaO, MgO, Nb2O5) for achieving dense pellets, (b) the three-stream 
process of separation of U, Pu, and Th (c) the database regarding the physical and chemical 
properties, and the experience of thorium fuel and its fuel cycle is limited compared to UO2. Efforts 
are being undertaken to overcome these limitations, for example, “Thor Energy” a private 
Norwegian technology company has been conducting irradiation testing of the pellets fabricated 
from the blend of ThO2 and UO2 powder and blended ThO2 and cerium dioxide (CeO2) pellets 
[61]. It has to be noted that CeO2 is a popular surrogate of nuclear fuel. However, the information 
regarding the thermal properties of CeO2 is also limited. India’s pursuit for thoria based nuclear 
reactor is another major contributor to the research and development of thoria fuel [62].  
1.9 Thesis objectives  
From the brief discussion of various ATF, it is evident that the thermal conductivity is one of the 
most critical physical property considered in the selection of fuel materials. The overarching theme 
of this thesis is to gain an understanding of the fundamental principle of thermal transport in ATF. 
In line with this theme number of studies have been undertaken and discussed in the various 
chapters of this thesis. Computational studies using density functional theory (DFT) and molecular 
dynamics (MD) were used to determine the fundamental principle of thermal transport in ThO2 
and CeO2 surrogate fuel. The theoretical predictions enable the selection of material in various 
applications and also serves as input for the mesoscale methods for improving understanding of 
the fuel behaviour under accident conditions. Besides, this work also addresses the limitations in 
the conventional sintering of Thoria fuel by fabricating the fuel using a novel sintering technique. 
Even though ThO2 has better thermal conductivity than UO2, it still falls under the category of low 
thermal conductivity and hence, we propose to enhance the thermal conductivity of ThO2 by 
adding materials with high thermal conductivity. To better understand and solve the outlined 
problem, the following specific objectives will be pursued.  
 To determine the fundamental principles of thermal transport in bulk and porous ThO2 fuel 
and the surrogate CeO2 using atomistic codes within the framework of DFT and MD 
simulations.  
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 Using DFT studies, establish the influence of structure on the thermo-mechanical 
properties and the thermal conductivity of the additive material such as SiC and BeO. 
 To analyze the effect of SPS parameters on the densification, microstructure and the 
thermal conductivity of ThO2.  
 To establish the role of SiC addition on the densification, microstructure and the thermal 
conductivity of ThO2. 
1.10 Thesis overview 
The realization of the objectives, mentioned above, is documented in the following chapters of this 
manuscript-based thesis. The thesis contains nine chapters. Chapter 1 includes the overview, 
motivation, various concepts of ATF, review of relevant literature and the objectives of the 
research. The details of different computational methods, experimental procedure and the 
characterization technique used are presented in Chapter 2.  
In Chapter 3, the atomistic and the experimental determination of the thermal conductivity of the 
ThO2 is presented. This chapter has been published in Journal of Alloys and Compounds. 
In Chapter 4, the atomistic and the experimental determination of the thermal conductivity of the 
surrogate nuclear fuel CeO2 is presented. Research findings discussed in this chapter have been 
published in Nature Scientific Reports  
Chapter 5 focuses on the determination of the thermophysical properties of cubic-SiC, that is 
proposed as an additive material in ATF. DFT calculations were used to predict the thermal 
conductivity of both the bulk and the nano forms of SiC. This work is published in the Journal of 
Computational Material Science. 
In Chapter 6, the thermophysical properties of BeO another additive material proposed for ATF is 
discussed. The anisotropy in thermal conductivity and the effect of structure on the thermal 
properties of BeO using DFT has been calculated. This work is published in the Journal of Solid-
State Sciences.  
In Chapter 7, the effect of SPS sintering conditions on the density, microstructure and the thermal 
conductivity of ThO2 is discussed. Research findings discussed in this chapter have been published 
in the Journal of Nuclear Materials.   
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In Chapter 8, the enhancement of thermal conductivity in ThO2 with the addition of SiC has been 
explored. Research findings presented in this chapter is being prepared to submit to the Journal of 
Nuclear Materials.   
Chapter 9 provides the summary, conclusion, the original contribution of the work done and 
suggestions for further investigation.  
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Chapter 2 : Research Methodology  
2.0 Overview 
In this chapter, the techniques used for both the computational and experimental studies are 
described in detail. Firstly, the computational methods used to evaluate the structural, mechanical 
and thermal properties of nuclear fuels and additive materials are discussed. Later, the fabrication 
of ThO2 and ThO2-SiC samples using the spark plasma sintering method and the characterisation 
techniques used for studying the microstructural and thermal properties are provided.  
2.1 Computational Methods  
In this work, properties of materials are simulated using the density functional theory (DFT) and 
the molecular dynamics (MD). A summary of the theoretical background of both the techniques is 
described in the following sections.  
2.1.1 Introduction to DFT  
The physical and chemical properties of materials depend on the interaction between their 
electrons and nuclei. The electrons are known to have wave-particle duality as defined by the laws 
in quantum mechanics. Erwin Schrödinger in 1929 [63] formulated the fundamental equation of 
physics that describes the quantum mechanical behaviour of matter, Schrödinger equation (SE).  
The time-dependent SE takes the form:   
𝑖ℏ
𝜕
𝜕𝑡
 𝛹(𝒓, 𝑡) =  ?̂? 𝛹(𝒓, t) 
(2.1) 
where 𝑖 is the imaginary unit, ℏ is the Planck’s constant divided by 2π,  
𝜕
𝜕𝑡
  indicates the partial 
derivative with respect to time, 𝛹(𝒓, 𝑡) is the wave function that describes the quantum system, 
and ?̂? is the Hamiltonian operator corresponding to the total energy (𝐸) of the system. If the 
Hamiltonian operator does not depend on time variable explicitly, the SE can be reduced to the 
time-independent form, as shown in equation (2.2):  
?̂?𝛹(𝒓) = 𝐸𝛹(𝒓) (2.2) 
The Hamiltonian operator of the system that we are interested in contains the kinetic energies of 
electrons and nuclei as well as the Coulomb interactions among electrons-electrons, electrons-
nuclei and nuclei-nuclei. In this case, the SE can be described by the following equation (2.3).   
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(2.3) 
The notation in the equation is as follows: 𝑚𝑒 is the mass of electron, and 𝑀𝐼 and 𝑍𝐼 are the 
respective masses and charges of the nuclei. 𝑅𝐼 and 𝑟𝑖 are the positions of the I
th nucleus and ith 
electron, respectively. The first and second terms of equation (2.3) correspond to the kinetic energy 
of electrons and nuclei, respectively. The next three terms represent the attractive electrostatic 
interactions between the electrons-nuclei, repulsive potential energy due to electrons-electrons 
interaction, and the repulsive potential due to nuclei-nuclei interactions, respectively. 
2.1.2 Born-Oppenheimer approximation  
In an atom the nuclei are much heavier and move much slower than electrons; therefore, electrons 
respond much more rapidly to changes in their surroundings than the nuclei. Taking advantage of 
this fact, the Born-Oppenheimer approximation states that the nuclei can be considered to be 
spatially fixed. Now, the system can be regarded as to have only moving electrons, under the 
external field created by fixed positive nuclei. As a consequence of this approximation, the second 
term in equation (2.3) can be neglected, and the last term reduces to a constant 𝐸𝐼𝐼. The 
Hamiltonian in the equation (2.3) reduces to the electronic Hamiltonian given as: 
[−∑
ℏ2
2𝑚𝑒
∇𝑖
2
𝑖
−
1
4𝜋𝜖0
∑
𝑍𝐼 𝑒
2
|𝑟𝑖 − 𝑅𝐼|
𝑖,𝐼
+
1
8𝜋𝜖0
∑
𝑒2
|𝑟𝑖 − 𝑟𝑗|𝑖≠𝑗
+ EII]𝛹(𝒓)  = 𝐸𝛹(𝒓) 
 
(2.4) 
where 𝛹(𝒓) is the electronic wave function. 
Despite Born-Oppenheimer approximation, the equation (2.4) is still challenging to solve because 
the wave function is a function of 3N variables; where N is the number of electrons in the system. 
DFT serves as an alternate way to solve SE using electron density (𝑛(𝒓)), which is a function of 
only three coordinates.  
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2.1.3 Hohenberg-Kohn Theorem   
The entire field of DFT rests on two fundamental theorems proved by Kohn and Hohenberg [64] 
and the set of equations derived by Kohn and Sham [65] in the mid-1960s. The first theorem by 
Kohn and Hohenberg says “For any system of interacting particles in an external potential 𝑉(𝒓), 
except for a constant, the total energy is a unique functional 𝐹[𝑛(𝒓)] of the electron density 𝑛(𝒓)”, 
i.e. the ground state energy E can be expressed as 𝐸[𝑛(𝒓)], where 𝑛(𝒓) is the electron density. In 
the second Hohenberg–Kohn theorem an essential property of the functional is revealed. It says 
“The exact ground state energy of the system is the global minimum of this functional and the 
density that minimizes the functional is the exact ground state density 𝑛0(𝒓)”. Even though the 
Hohenberg-Kohn theorem provides a method to solve the SE using the electron density, the theory 
says nothing about what the functional exactly is and hence, it could not solve the many–body 
problem. 
2.1.4 Kohn-Sham equations 
Later in 1965, Kohn-Sham [66] developed a practical approach for solving the SE (2.4). In this 
method, a fictitious non-interacting system is considered in such a way that its energy is the same 
as that of the interacting electrons. In this approach, Kohn-Sham constructed and solved a set of 
SEs, in which each equation includes only a single electron wave function (𝛹𝑖(𝒓)) (also known as 
Kohn-Sham orbitals) as shown in equation (2.5). 
[
ℏ2
2𝑚𝑒
𝛻2 + 𝑉(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓)]𝛹𝑖(𝒓) = 𝜀𝑖𝛹𝑖(𝒓) 
 
(2.5) 
Here 𝜀𝑖 is the energy of the corresponding Kohn–Sham orbital 𝛹𝑖(𝒓), potential 𝑉(𝒓) is the external 
potential discussed by Hohenberg-Kohn theorem and corresponds to the interactions by fixed-
nuclei with electrons due to Born-Oppenheimer approximation. 𝑉𝐻 is the Hartree potential that 
includes the Coulomb repulsion among electrons as defined by equation (2.6). 
𝑉𝐻(𝒓) =
𝑒2
8𝜋𝜖0
∫
𝑛(𝒓) 𝑛(𝒓′)
|𝒓 − 𝒓′|
𝑑3𝑟 ,  
 
(2.6) 
The last term, 𝑉𝑋𝐶(𝒓) is called the exchange–correlation functional, which is a correction term that 
takes into account for all the missing interactions in the fictitious system compared to the real 
many–body systems and is defined as: 
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𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶(𝒓)
𝛿𝑛(𝒓)
 
 
(2.7) 
Further, the ground state electron density 𝑛(𝒓) in terms of single electron wave function  𝛹𝑖(𝒓) 
for an N-particle system is defined as; 
𝑛(𝒓) = ∑|𝛹𝑖(𝒓)|
2
𝑁
𝑖
 
 
(2.8) 
The accuracy of the practical application of the DFT depends upon knowing the exact  𝑉𝑋𝐶(𝒓). 
The exact form of the  𝑉𝑋𝐶(𝒓) function is still unknown. However, several approximations are 
currently used to determine the 𝑉𝑋𝐶(𝒓), as discussed in the next section. Once 𝑉𝑋𝐶(𝒓) is known, 
the ground-state electron density and the total energy of the system can be computed in a self-
consistent iterative method as depicted in Fig. 2.1. 
 
Fig. 2.1. Flowchart of the self-consistent functional (SCF) for ground state SE when the atomic 
positions of the system are known. 
19 
 
2.1.5 Exchange-correlation functional 
The currently available approximations used to determine the exchange-correlation energy include 
the local density approximation (LDA) [67], generalized gradient approximation (GGA) [68] and 
hybrid functionals [69]. In LDA, the exchange-correlation energy at a point is determined as a 
function of the electron density 𝑛(𝒓) of a homogenous free-electron gas system which can be 
defined as:  
𝐸𝑋𝐶
𝐿𝐷𝐴 = ∫𝑛(𝒓) 𝜖𝑋𝐶
ℎ𝑜𝑚(𝑛(𝒓))𝑑𝒓 
 
(2.9) 
where 𝜖𝑋𝐶
ℎ𝑜𝑚 is the exchange correlation energy per electron in a uniform electron gas.  
In GGA, both 𝑛(𝒓) and the gradient of the electron density (𝛻(𝑛(𝒓)) is used to determine the 
exchange-correlation energy as shown in equation (2.10).  
𝐸𝑋𝐶
𝐺𝐺𝐴 = ∫𝑛(𝒓) 𝜖𝑋𝐶(𝑛(𝒓), |𝛻(𝑛(𝒓))|)𝑑𝒓 
 
(2.10) 
The hybrid functionals which incorporate a portion of the exact exchange from Hartree-Fock 
theory with the exchange and correlation from other sources have been introduced, and the most 
commonly used hybrid functional is the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) [70]. In this 
work, the LDA and GGA pseudopotentials were considered for various materials; the type of 
pseudopotential used for each element is described in respective chapters. Efficient algorithms are 
devised to implement the Kohn-Sham equations, and some of the most commonly used DFT codes 
are the Vienna Ab-initio Simulation Package (VASP) [71], Cambridge Serial Total Energy 
Package (CASTEP) [72], Quantum-Espresso (opEn Source Package for Research in Electronic 
Structure, Simulation, and Optimization) [73]. In this thesis, Quantum Espresso (QE) is the code 
used for all the DFT calculations. To effectively perform the analysis of the results from the QE, 
we have developed an in-house code, as described in appendix A [74].  
2.1.6 An introduction to MD simulations 
MD is a modelling and simulation technique that generates the dynamical trajectories of a system 
of N particles, with mass (mi), by integrating Newton’s equation of motion, with suitable initial 
and boundary conditions, and proper interatomic potentials, while satisfying the thermodynamical 
constraints. The equations of motion for the N particles can be written as 
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𝑭𝑖(𝑡) = 𝑚𝑖𝒂𝑖 = 𝑚𝑖𝒓?̈?(𝑡), 𝑖 = {1,2…𝑁}, (2.11) 
where 𝑭𝑖(𝑡) is the force acting on a particle i due to the interaction with other atoms at time t, 𝑚𝑖 
and 𝒂𝒊 are respectively the mass and acceleration of atom i, and ri is the position vectors. The force 
𝑭𝑖(𝑡) acting on the atom can be obtained from the partial derivative of the potential 
energy 𝑈(𝒓1, 𝒓2, 𝒓3, … , 𝒓𝑁) with respect to atomic coordinates, as shown in equation (2.12).  
𝑭𝑖(𝑡) = −𝛁𝒓𝑖𝑈(𝒓𝑖 ) (2.12) 
The success of an MD simulation depends on the accurate description of the interatomic forces by 
a potential set. In this thesis, a well-tested many-body potential developed for actinide oxides by 
Cooper et al. [75] is used for the simulations. Once the interatomic potential and the initial 
conditions are known, the equation of motion can be solved numerically. Although several 
algorithms have been proposed to solve the equation of motion, the Verlet algorithm [76] is still 
thought to be the most straight forward algorithm, and this algorithm was implemented in the MD 
code used in this thesis. The Verlet algorithm can be derived by considering the Taylor expansion 
of the coordinate of a particle 𝒓𝑖(𝑡), one forward (t+ 𝛿𝑡) and backward (t- 𝛿𝑡 ) in time, which is 
given as:  
𝒓𝑖(𝑡 + 𝛿𝑡) = 𝒓𝑖(𝑡) + 𝒗𝑖(𝑡)𝛿𝑡 +
1
2
𝒂𝑖(𝑡)𝛿𝑡
2 
(2.13) 
Similarly, 
𝒓𝑖(𝑡 − 𝛿𝑡) = 𝒓𝑖(𝑡) − 𝒗𝑖(𝑡)𝛿𝑡 +
1
2
𝒂𝑖(𝑡)𝛿𝑡
2 
(2.14) 
Adding the two expressions gives 
𝒓𝑖(𝑡 + 𝛿𝑡) = 2𝒓𝑖(𝑡) − 𝒓𝑖(𝑡 − 𝛿𝑡) + 𝒂𝑖(𝑡)𝛿𝑡
2 (2.15) 
The equation (2.15) can be used in an MD simulation to predict the changes in positions of the 
particles. However, the drawback of the Verlet algorithm is that the velocities of the particles are 
not directly generated. To overcome this difficulty, the velocity Verlet [77] algorithm is used, the 
derivation approach is similar to the basic Verlet algorithm but explicitly  incorporates velocity, 
as shown in equation (2.16). 
𝒗(𝑡 + 𝛿𝑡) = 𝒗(𝑡) +
𝒂𝑖(𝑡) + 𝒂𝑖(𝑡 + 𝛿𝑡) 
2
 𝛿𝑡 
(2.16) 
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Further, the MD simulation is realized by dividing the time into discrete time steps, not more than 
a few femtoseconds each. In each time step, the forces acting on each atom are computed using a 
molecular mechanics force field, and the atoms are moved a little bit, to update the position and 
velocity of each atom. This process is repeated over and over to simulate the evolution of the 
systems in a given time. The selection of the system size plays a crucial role in simulating the bulk 
properties of a macroscopic (infinite) system, and the behaviour of a finite system is very different 
from the infinite system. Irrespective of how large the system size can be considered in MD 
simulations, the number of particles would be negligible compared to the macroscopic system. 
Also, the surface effect is predominant in a finite-size system than in the infinite system. The most 
common solution to overcome the problems of the finite size of the system and to minimize the 
surface effect is to use the periodic boundary conditions. In this scheme, the particles are enclosed 
in a simulation box and replicated throughout the space to form an infinite lattice. When a particle 
enters or moves out of a simulation box, an imaged particle leaves or enters this region, so that the 
number of particles in a simulation region is always conserved, as illustrated in Fig. 2.2. Since this 
work considered the prediction of bulk properties, periodic boundary conditions were used for all 
the MD simulations.  
 
Fig. 2.2. Schematic representation of the periodic boundary condition. 
So far, we have discussed the methods to solve the equation of motion and to predict the dynamic 
trajectories of a system precisely. However, the information about the atomic trajectories needs to 
be translated into measurable macroscopic properties. The connection between the microscopic 
simulations and macroscopic properties is made via statistical mechanics, which provides the 
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mathematical expression that relates the macroscopic properties to the distribution and motion of 
the atoms of the N-body system. To compute the macroscopic properties, the ensembles of 
statistical thermodynamics are used.   
 
Fig. 2.3. Schematic representation of MD simulation. 
In MD simulation, it is implicit that the number of particles (𝑁) and the volume of the simulation 
box (𝑉) are held constant, and the equation of motion and its numerical implementation are 
energy (𝐸) conserving. This configuration is a representation of a microstate in the microcanonical 
ensemble or, commonly known as 𝑁𝑉𝐸 ensemble. There exist other ensembles that have been 
used in this thesis, with different characteristics such as the canonical ensemble (𝑁𝑉𝑇), isobaric-
isothermal ensemble (𝑁𝑃𝑇) and grand canonical ensemble (𝜇𝑉𝑇) (here 𝑇 is the constant 
temperature, 𝑃 is the fixed pressure and 𝜇 is the fixed chemical potential). Ensemble averages give 
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the bulk properties and based on the ergodic hypothesis one can relate the states of a system 
sampled over several time steps by MD simulations to the ensemble average. A simplified 
schematic of the MD simulation is provided in Fig. 2.3. 
2.1.7 Introduction to thermal conductivity calculations 
The thermal conductivity of ATF is an important material property. Generally, three mechanisms 
govern the thermal transport in materials: phonons, electrons, and radiation energy. However, in 
ceramics fuel type, the main contribution to thermal conductivity is by lattice vibrations (phonons) 
while contributions from electrons and radiation are negligible. Since in this thesis, we were 
dealing with the ceramic materials the focus was on the lattice contribution to thermal conductivity 
(𝑘𝐿). Historically, depending on the mechanisms of phonon scattering, various models have been 
considered to evaluate the thermal conductivity. The value of 𝑘𝐿 for a material can be calculated 
in different ways that include Slack model [78], Callaway model [79], relaxation time 
approximation (RTA) [80], and Boltzmann transport equation (BTE) [81]. In this thesis, we 
calculate 𝑘𝐿 using Slack model, BTE and EMD using the Green-Kubo method [82], and the 
predicted 𝑘𝐿 is compared with the experimental data. The methodology to calculate the 𝑘𝐿with 
Slack model has been described in chapter 3 and therefore, is not presented here. Li et al. [83] and 
Carrete et al. [84] have recently developed software packages ShengBTE and almaBTE 
respectively for computing the 𝑘𝐿 of bulk crystalline materials based on a full iterative solution to 
the BTE. We employed the use of ShengBTE and almaBTE to solve the BTE that takes the second 
and third-order force constants calculated using the ab-initio packages VASP or QE (used here) as 
the primary inputs. Reference [83] describes the workflow and the methodology for using 
ShengBTE. In this section, we describe the basic theory used in the prediction of 𝑘𝐿. 
2.1.8 Lattice thermal conductivity from Boltzmann transport equation (BTE) 
The inputs required to solve the BTE are the second order force constants (harmonic force 
constant) and third order force constants (anharmonic force constants), which are defined as the 
second and third derivative of the potential energy (𝑈) with respect to the atomic displacements 
respectively. The 𝑈 of the crystal with a unit cell characterized by a vector ‘𝑙’and the atomic 
positions in each unit cell described by the vector ‘𝑏’, can be expanded in a Taylor series in power 
of the atomic displacement 𝑢 (𝑙, 𝑏) as shown in equation (2.17) [85]. 
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𝑈 = 𝑈o + ∑
𝜕𝑈
𝜕𝑢𝛼(𝑙, 𝑏)
⃒0𝑢𝛼(𝑙𝑏)
𝑙𝑏𝛼
+
1
2
 ∑ ∑
𝜕2𝑈
𝜕𝑢𝛼(𝑙𝑏)𝜕𝑢𝛽(𝑙′𝑏′)
⃒0𝑢𝛼(𝑙𝑏)𝑢𝛽(𝑙
′𝑏′)
𝛼𝛽𝑙𝑏,𝑙′𝑏′
 
 
+
1
3!
 ∑ ∑
𝜕3𝑈
𝜕𝑢𝛼(𝑙𝑏)𝜕𝑢𝛽(𝑙′𝑏′) 𝜕𝑢𝛾(𝑙′′𝑏′′)
⃒0𝑢𝛼(𝑙𝑏)𝑢𝛽(𝑙
′𝑏′)
𝛼𝛽𝛾𝑙𝑏,𝑙′𝑏′,𝑙′′𝑏′′
𝑢𝛾(𝑙
′′𝑏′′) 
 
 
(2.17) 
 
 
The second order force constant (Φαβ(𝑙𝑏, 𝑙
′𝑏′)) and the third order force constant 
(𝛷𝛼𝛽𝛾(𝑙𝑏, 𝑙
′𝑏′, 𝑙′′𝑏′′) are defined as shown in equation (2.18) and (2.19) respectively.  
𝛷𝛼𝛽(𝑙𝑏, 𝑙
′𝑏′) =
𝜕2𝑈
𝜕𝑢𝛼(𝑙𝑏)𝜕𝑢𝛽(𝑙′𝑏′)
⃒0 
 
(2.18) 
𝛷𝛼𝛽𝛾(𝑙𝑏, 𝑙
′𝑏′, 𝑙′′𝑏′′) =
𝜕3𝑈
𝜕𝑢𝛼(𝑙𝑏)𝜕𝑢𝛽(𝑙′𝑏′) 𝜕𝑢𝛾(𝑙′′𝑏′′)
⃒0 
 
(2.19) 
The dynamical matrices for evaluating the phonon density of states is obtained from the second 
order force constant as follows, 
where 𝑞 the wave vector and 𝑚 is the mass of an atom at a site in the crystal. Further, diagonalizing 
the dynamical matrix yields the phonon frequencies (𝜔), which in turn provides the phonon group 
velocities and heat capacity at a fixed volume (𝐶𝑣). In this work, the harmonic force constant is 
calculated using both linear approach (DFPT) [86] and direct approach (Parlinski-Li-Kawazoe 
method) [87], based on the supercell approach with finite displacement method as implemented in 
the Phonopy package [88]. From the cubic force constants, the phonon scattering processes are 
evaluated using Fermi’s golden rule, and finally, the 𝑘𝐿is calculated using the iterative solutions 
of the BTE as implemented in ShengBTE. In the approach implemented in ShengBTE, equation 
(2.21) gives the expression to compute the 𝑘𝐿 tensor, 
𝑘𝐿
𝛼𝛽
= 
1
𝑁𝑘𝐵𝑇2Ω
∑𝑓0(𝜔λ)[𝑓0(𝜔λ) + 1]
∞
λ
(ℏ𝜔λ)
2𝑣λ
𝛼𝑣λ
𝛽
𝜏λ 
 
(2.21) 
where 𝛺 is the volume of the primitive cell, 𝛼 and 𝛽 are the Cartesian component, 𝑥, 𝑦, or 𝑧. 𝑘𝐵 is 
the Boltzmann constant, 𝜔𝜆 and 𝜐𝜆 are the angular frequency and group velocity respectively of 
𝐷𝛼𝛽 (𝑏𝑏
′⃒𝑞) =
1
√𝑚𝑏𝑚𝑏′  
∑𝛷𝛼𝛽(0𝑏, 𝑙
′𝑏′)
𝑙′
𝑒𝑥𝑝 (𝑖𝑞. 𝑙′) 
 
(2.20) 
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mode 𝜆 , 𝜏𝜆 is the relaxation time of mode 𝜆 and 𝑓0(𝜔λ) is the Bose-Einstein distribution function 
at equilibrium.  
2.1.9 Lattice Thermal conductivity from MD simulation  
Generally, there are two approaches used to calculate the 𝑘𝐿 using MD: one is the EMD using the 
Green-Kubo method and the other one is the non-equilibrium molecular dynamics (NEMD) using 
the Müller-Plathe method [89]. In this thesis, the calculations were carried out using EMD, 
therefore, the discussion is limited to the Green-Kubo method. The Green-Kubo method is based 
on the fluctuation-dissipation theorem, which is a statistical physics method used to predict the 
behavior of a non-equilibrium system by building a quantitative relation between the fluctuations 
in the thermal equilibrium system and the response of the system to perturbations. The core 
calculation of this method is the heat current autocorrelation function, details of which can be 
found in Ref. [90]. And the thermal conductivity is proportional to the integral of the heat current 
autocorrelation function over time as given in the equation. 
𝑘𝐿 =
1
𝑉𝑘𝐵𝑇2
 ∫
〈𝒒(𝑡). 𝒒(0)〉
3
∞
0
𝑑𝑡 
 
(2.22) 
Where V the volume of the simulation cell, 𝑡 is time and 𝑞 is the heat current, defined as  
𝒒 =
𝑑
𝑑𝑡
∑𝒓𝑖𝐸𝑖
𝑖
 
 
(2.23) 
The summation is over ‘𝑖' particles in the system, 𝒓 is the location of a particle and 𝐸 is its total 
energy (kinetic and potential). For ease of computation the above equation can be restated as  
𝒒 = ∑𝐸𝑖𝒗𝑖
𝑖
+
1
2
∑(𝑭𝑖𝑗. 𝒗𝑖)𝒓𝑖𝑗
𝑖,𝑗
 
(2.24) 
Where 𝑣 is the velocity of a particle and rij and Fij are the distance and force between particles 𝑖 
and 𝑗. The first term represents the contributions of convection, and the second term corresponds 
to the conduction. The 〈𝒒(𝑡). 𝒒(0)〉 is called the heat current autocorrelation function (HCACF). 
The heat current is a vector that indicated the magnitude and directions of the flow of heat in a 
system. At equilibrium, the heat current will oscillate, an overtime average to zero. The Green-
Kubo approach relates the thermal conductivity to how long it takes for these oscillations to 
uncorrelated. 
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2.2 Experimental details of fuel fabrication 
2.2.1 Powder blending  
For blending of powders for making the composite pellets we used a planetary ball mill (shown in 
Fig. 2.4), manufactured by Torrey Hills Technologies, LLC U.S.A. Ethanol was used as a process 
control agent (PCA) to enhance the efficiency of dispersion and blending. The powder was milled 
for an hour, and the powder-PCA slurry was separated from the jar and ball into a petri dish. 
Further, the composite powder mixture was dried in a fume-hood. The ball to powder ratio was 
maintained at 10:1 ratio. 
 
Fig. 2.4. Planetary ball mill. 
2.2.2 Fabrication by spark plasma sintering 
SPS, also known as plasma-assisted sintering, pulse electric current sintering, and pulse discharge 
pressure sintering, uses a pulsed direct electric current along with uniaxial pressure [91], with 
advantages such as lower power consumption, and shorter sintering time [92]. SPS has been 
proved beneficial for processing a wide variety of materials including ceramics, metals and 
polymers [93–97]. There are several reports on SPS of alumina [96], SiC [98] and zirconia [99] 
where SPS was considered superior to other processing techniques. SPS is also used for sintering 
of nanocrystalline materials [93,100,101], because of the higher heating rate and shorter processing 
time in SPS, can resist the grain growth [102].  The powder to be sintered by SPS is filled into a 
graphite die-punch system [103], and the filled die-punch is placed between hydraulic rams. The 
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die-punch system is heated by the passage of electric current and with the simultaneous application 
of pressure, the powder particles start to densify. The materials processed under optimal SPS 
conditions has very high densification rates [93] and the pellets obtained have densities close to 
the theoretical density [103].  
Several mechanisms have been proposed for the high densification rate of SPS [104]. These 
include the following; the spark theory [105–107], plasma [94,108], Joule heating [109], and 
electric field enhanced diffusion [105,106]. In the spark theory, the particles are subjected to spark 
impact pressure, which also heats the surface of the powder particle and facilitates their adhesion. 
According to the plasma theory, a plasma is formed under the influence of the electric potential, 
which cleans the surface of the powder particles aiding the sintering process. The principle of Joule 
heating is also proposed as a reason for high densification observed in SPS for electrically 
conductive material. However, the major drawback of this theory is that it cannot explain the high 
densification observed for non-conductive material. According to basic diffusion theories, 
diffusion is enhanced in the presence of an electric field, thus improving the powder densification. 
In this work, the specimens were fabricated using the Thermal Technology LLC 10-3 system 
located at the Kelowna campus of University of British Columbia (shown in Fig. 2.5.).  
 
Fig. 2.5. (a) SPS equipment-Thermal Technology LLC 10-3 system, (b) Schematic diagram of 
SPS sintering. 
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2.3 Material characterization techniques 
2.3.1 X-ray diffraction  
X-ray diffraction (XRD) is one of the most powerful non-destructive technique used for the 
characterization of the crystalline material. XRD can provide information on structures, texture, 
phase composition, and other structural parameters, such as crystallinity, average grain size in 
nanomaterials, strain and crystal defect. The XRD is based on the interference of X-rays and the 
specimen. The X-rays generated by the cathode X-ray tube are filtered to produce monochromatic 
radiation; the collimated rays are then directed towards the material. Since the wavelength (𝜆) of 
X-rays is of the same order of magnitude as the lattice spacing (𝑑) in the samples, the X-rays are 
diffracted in the material by satisfying the Braggs law, equation (2.25). The diffraction angles of 
2𝜃𝐵 are recorded and used to identify the structure of material. 
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃𝐵    (2.25) 
In this work, the XRD patterns of the sintered specimens and the powder were obtained using a 
Bruker D8 Discover XRD with chromium 𝐾𝛼 radiation of 𝜆 = 2.2898 Å. The angles of the normal 
scan were set between 20 to 110 with a step size of 0.01 and a scanning time of 600 sec per step. 
Fig. 2.6. shows the XRD equipment used in this study, having a Bragg-Brentano geometric 
arrangement. X’pert high score software has been used for the phase identification and the Nelson-
Riley method [110] has been used for lattice parameter measurement.  
 
Fig. 2.6. (a) XRD equipment BRUKER D8 Discover, (b) Schematic representation of the basic 
principle of a XRD. 
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2.3.2 Scanning electron microscopy/electron backscattered diffraction 
The microstructural analysis of the samples was carried out using scanning electron microscopy 
(SEM). SEM uses a focused beam of electrons to generate a variety of signals from the surface of 
the specimen. These signals include the secondary electrons (SE), backscattered electrons (BSE), 
and diffracted backscattered electrons (EBSD), characteristic X-rays (used for elemental analysis), 
visible light (Cathodoluminescence) and heat. The SE and BSE are used for imaging; SE is used 
for morphology and topography studies of the samples, whereas, BSE is essential for illustrating 
the contrasts in compositions in multiphase samples. The EBSD is used to study the texture and 
grain structure of the materials, and the X-rays are used for elemental analysis. The SEM and the 
EBSD studies presented in this thesis were carried out by a SU 6600 Hitachi field emission SEM 
equipped with an Oxford Instruments Nordlys EBSD detector (as shown in Fig. 2.7.). The powders 
and the polished samples were mounted on aluminum stage using the carbon conductive double-
sided tape. The SEM image and the EBSD scans were conducted with an acceleration voltage of 
30 kV and a working distance of 9.9 mm. The data was acquired by AZTEC 2.0 data acquisition 
software in the form of backscattered electrons recorded by the phosphor screen detector, and the 
post-processing of the obtained scans was done using Channel 5 software by Oxford Instruments. 
 
Fig. 2.7. (a) SU 6600 Hitachi field emission SEM equipped with an Oxford Instruments Nordlys 
EBSD detector, (b) Schematic representation of the basic components of a SEM. 
2.3.3 Density measurement 
The pellet densities (𝜌𝑠) were measured using the Archimedes principle as follows:  
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𝜌𝑠 =
𝑀𝑎
(𝑀𝑎 − 𝑀𝑤)
 × ⍴𝑤 
 
(2.26) 
where 𝑀𝑎 is the mass of the sample in air; 𝑀𝑤 and 𝜌𝑤 is the weight of the sample in water and 
density of water respectively.  
The relative density of the sintered specimens 𝜌𝑠 was calculated by using the equation in (2.27), 
where 𝜌𝑡 is the theoretical density.  
𝜌𝑠(%) = (
𝜌𝑠
𝜌𝑡
) × 100  
(2.27) 
The mass balance used to perform the density measurement is shown in Fig. 2.8. It has to be noted 
that all the density measurement done in this thesis has been the closed porosity and a minimum 
of five measurements was taken for each sample, and the average value, was reported.  
 
Fig. 2.8. Mass balance from Torbal. 
2.3.4 Raman spectroscopy 
Raman spectroscopy is based on the principle of inelastic scattering of light. When a particle is 
irradiated with light of specific frequency, the light is scattered. Some of the scattered photons 
have the same frequency as that of the incident radiation, and some may contain photon with 
different frequency. This phenomenon of scattering of light with a frequency change is called the 
Raman scattering. The frequency change is specific to the molecular vibration and phonon in 
crystal. Therefore, by analyzing the Raman spectra, it is possible to analyze the composition and 
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structure of a material. The Raman spectra of the powder and the sintered specimens presented in 
this thesis were obtained using a Renishaw 2000 Raman Microscope (shown in Fig. 2.9.).  
 
Fig. 2.9. (a) Renishaw Raman microscope, (b) Schematic representation of the basic Raman 
microscope. 
The wavelength of the laser source was 514 nm, and the laser beam was focused with a 100x 
objective. The scattered light was dispersed with a grating of 1800 lines/mm. The laser power used 
was 0.01 W.  The Renishaw CCD camera collected the scattered laser light. The exposure time 
was set to 10 seconds, with four accumulation. The samples were analyzed by placing the test 
specimens on the glass plate without any additional sample preparation.   
2.3.5 Thermal conductivity measurement by Laser Flash apparatus  
The laser flash method is used to determine the thermal diffusivity (𝛼) and thermal conductivity 
of the sintered samples. In this method, the specimen to be tested is placed in a furnace with a 
controlled atmosphere, and the test sample is subjected to a finite impulse of laser energy on the 
front surface. The heat is then transferred through the sample, causing a transient temperature rise 
on the rear surface of the specimen.  
The temperature rise is recorded with the help of the infra-red (IR) detector placed above the rear 
surface of the sample and a thermogram which is a plot of rear-face temperature as a function of 
time is obtained. From the thermogram, the time (𝑡1
2
) required for the temperature of the rear face 
to reach half its maximum value is determined. Further, the 𝛼 of the specimen is given by using 
the Parkers relations [111], as given in equation (2.28): 
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𝛼 = 0.1388 ×
𝐿2
𝑡1
2
 
 
(2.28) 
where 𝐿 is the thickness of the specimen. From the measured 𝛼, the thermal conductivity as a 
function of temperature (𝑘(𝑇)) can be evaluated using the relation (2.29): 
𝑘(𝑇) = 𝛼(𝑇) × 𝜌(𝑇) × 𝐶𝑝 (𝑇) (2.29) 
where 𝜌(𝑇) and 𝐶𝑝(𝑇) is the density, and heat capacity at constant pressure as a function of 
temperature, respectively. The apparatus used for the thermal conductivity measurement was the 
DLF-1200 from TA-instruments, shown in Fig. 2.10. 
 
Fig. 2.10. (a) Laser flash apparatus from TA instruments (b) Schematic diagram of basic 
components of laser flash apparatus. 
The measurements were made on cylindrical pellets of diameter 12.7 mm and thickness 2-3 mm. 
The thickness of the samples was obtained by taking an average of five readings with a standard 
deviation of 0.01 mm. The samples were prepared by coating the rear and front side with the 
graphite spray, for better absorption and emissivity of the laser flash. The experiments were 
performed under the argon atmosphere.  
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Chapter 3 : Thermal conductivity of bulk and porous ThO2; Atomistic and 
Experimental study 
3.0 Overview  
The thermal conductivity of bulk and porous ThO2 is determined in this chapter using atomistic 
and experimental study. The phonon transport properties of ThO2 were predicted using the ab 
initio calculations unified with the BTE and the EMD simulations using the GK method. An 
extensive examination of the phonon mode contribution, available three-phonon scattering phase 
space, and mode Grüneisen parameter were also performed to unveil the underlying mechanism 
in the thermal transport of ThO2. The effect of porosity on the thermal conductivity of ThO2 is also 
determined by EMD-GK method, and experiments validate the predicted results. Hence, this 
chapter fulfils a part of the first objective of this thesis of determining the fundamental principles 
of thermal transport in bulk and porous ThO2 fuel. 
The research findings reported in this chapter have been published as manuscript #1 as follows: 
L. Malakkal, A. Prasad, E. Jossou, J. Ranasinghe, B. Szpunar, L. Bichler, J. Szpunar; “Thermal 
conductivity of bulk and porous ThO2: Atomistic and experimental study”; published in 
Journal of Alloys and Compounds, Vol.798, pp.507-516 (2019). The copyright permission of 
this manuscript is provided in Appendix B. 
The contributions of the PhD candidate are 1) performing DFT and MD calculations, 2) preparing 
the samples for characterization, 3) performing XRD, SEM, Raman, and EBSD characterizations, 
4) measuring of thermal conductivity using Laser flash apparatus, 5) analyzing of the results, 6) 
writing the manuscript for publication. My supervisors reviewed the manuscript before it was 
submitted for publication. 
The differences between this chapter and the published paper are:  
1. The equations to determine the thermal diffusivity and the thermal conductivity using the 
laser flash apparatus has been removed to avoid repetition, and the equation has been 
referred to the equation 2.28 and 2.28 in chapter 2.  
2. The descriptions of the methodology section have been removed from this chapter to avoid 
the repetition as this section is covered in chapter 3 of this thesis.  
3. The references of the manuscript are listed at the end of this thesis.  
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study 
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Lukas Bichler2, Jerzy Szpunar1 
1Department of Mechanical Engineering, University of Saskatchewan, Canada 
2School of Engineering University of British Columbia-Okanagan Kelowna, Canada 
3Department of Physics and Engineering Physics, University of Saskatchewan, Canada 
3.1 Abstract 
Thorium dioxide (ThO2) is proposed to play a vital role in the worlds future energy needs and is 
considered a better and safer alternative to the currently used nuclear fuel; uranium dioxide (UO2). 
Thermo-physical properties of ThO2 is superior to UO2, but the fundamental physics governing 
the thermal transport of ThO2 is still ambiguous, and the available data for the thermal conductivity 
(k) of ThO2 is scattered. Therefore, in this article, a systematic investigation regarding the lattice 
thermal conductivity (𝑘𝐿) of the bulk and porous ThO2 is carried out theoretically and validated 
with experiments. The phonon transport properties were performed using two different approaches 
the ab initio calculations unified with the Boltzmann transport equation (BTE) and the equilibrium 
molecular dynamics (EMD) simulations using Green Kubo (GK) method. An extensive 
examination of the phonon mode contribution, available three-phonon scattering phase space, 
mode Grüneisen parameter, and mean free path (MFP) distributions were also performed to unveil 
the underlying physics in the thermal transport of ThO2. The effect of porosity on the 𝑘𝐿 by 
measurements and molecular dynamics (MD) simulations was explored. The measurements were 
performed on specimens with different porosity, that were prepared by spark plasma sintering 
(SPS) using the laser flash (LFA) technique. The results obtained demonstrated that the 𝑘𝐿 values 
predicted by both the BTE and the EMD simulations were in excellent agreement with our 
experimental measurements. Moreover, the model to simulate the 95% TD using MD simulations 
also captured the decrease in thermal conductivity with porosity and agreed well with the measured 
results for 95% TD dense sintered pellets.   
3.2 Introduction  
Thorium dioxide (ThO2, also known as thoria) is one of the nuclear fuels considered in Generation 
IV nuclear reactors. ThO2 has better thermo-physical properties such as higher melting point, 
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higher thermal conductivity and lower coefficient of thermal expansion, making ThO2 an attractive 
alternative to UO2  [51]. Additionally, ThO2 exist in nature as Th–232 isotope has higher absorption 
cross-section for thermal neutrons (7.4 barns) compared to U-238 (2.7 barns). ThO2 is also 
relatively inert, does not oxidize, and has higher resistance to radiation damage than UO2  [51]. 
The fission product release rate for ThO2–based fuels is one order of magnitude lower than UO2. 
ThO2 is more proliferation resistant and produces less transuranic elements than uranium-based 
fuels. Apart from being a nuclear fuel, ThO2 is also used in other application such as welding 
electrodes and heat resistant materials [112,113]. Since thermal conductivity (k) is a critical 
property that governs the heat transport in the reactor core and other applications, it is essential to 
understand the fundamental physics governing the thermal transport in ThO2-based materials. 
Although several experimental and theoretical studies have reported the 𝑘𝐿 of ThO2, the values 
reported remains ambiguous. The widely accepted correlation for 𝑘𝐿 of ThO2 provided by, Bakker 
et al.[114], 𝜆 = (𝐴 + 𝐵𝑇)−1(where A= 4.20×10-4 mKW-1, B=2.25×10-4 mW-1 and T is 
temperature in K for the thermal conductivity of 95 %TD dense ThO2, is based on the experimental 
work performed by Murabayashi [115], McElroy et al. [116], Koenig [117] and Springer et al. 
[118]. Other researchers [119,120] who used thermal diffusivity measurements have reported 𝑘𝐿 
of ThO2 ranging from 10.0 – 16.0 W/mK at 300 K. For example, Pillai and Raj [121] reported 
values of 11.0 W/mK at 300 K using the steady state axial heat flow apparatus. Other experimental 
studies by Saoudi et al. [122], Yang et al. [123], Ghosh et al. [124,125] Cozzo et al. [126], and 
Kutty et al. [127] are provided in the table below.  
Table 3.1. Conditions of the thermal conductivity measurements for ThO2 from literature. 
 
Temperature 
(K) 
TD 
(%) 
Thermal 
conductivity 
(W/mK)  
Authors Year 
300-1700 95.0 8.63 (526 K) Saoudi et al. [122] 2018 
300-1500 95.0 8.05 (472 K) Yang et al. [123] 2017 
873-1873 95.0 unknown Ghosh et al. [124,125] 2015 
500-1500 95.0 8.00 (500 K) Cozzo et al. [126] 2010 
400-1780 92.03 10.5 (500 K) Kutty et al. [127]  2008 
310-1220 unknown 8.20 (500 K) Pillai et al. [121] 2000 
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From a theoretical perspective, the predictions of thermal conductivity are mainly limited to the 
use of Slack method [128] and non-equilibrium molecular dynamic (NEMD) [89] calculations. 
The Slack model and the potentials of the NEMD simulations rely on the fitting parameters and 
therefore lacks predictive power, leading to a variation between 12.0 W/mK and 20.0 W/mK in 
the 𝑘𝐿 values of ThO2 at 300 K. For example, Xiao et al. [129], Lu et al. [130] and Szpunar et al. 
[131] have simulated the 𝑘𝐿 of ThO2 using the Slack method at 300 K and obtained values of 13.0 
W/mK, 12.0 W/mK and 16.0 W/mK respectively. Researchers using molecular dynamics have 
also calculated 𝑘𝐿 of ThO2. For instance, Ma et al. [132] (equilibrium molecular dynamics 
(EMD)), Behera and Deo [133] (NEMD), Cooper et al. [134] (NEMD) and Rahman et al. [135] 
(NEMD) predicting the thermal conductivity at 300 K as respectively 16.5, 22.0, 12.0 and 19.8 
W/mK. It is noted that the MD simulations do not account for the quantum mechanical effect and 
therefore, the 𝑘𝐿 values at low temperature are overpredicted. Recently, Liu et al. [136] reported 
on the thermal conductivity of ThO2 estimated by solving BTE using the second order force 
constant from displacement method and have predicted 𝑘𝐿 at 300 K to be 12.4 W/mK; 
underpredicted by ~25% in comparison with experimental results. As a result, throughout the 
literature, the thermal conductivity value of ThO2 is scattered. To resolve this aberration, we 
perform an ab initio calculation using density functional theory (DFT) [64,65], density functional 
perturbation theory (DFPT) [86] in synergy with the Boltzmann transport equation (BTE) as 
implemented in ShengBTE code [83]. The ab initio calculations provide us with an insight into 
the underlying physics of the thermal properties including the phonon phase space, mode 
Grüneisen parameter, group velocity, phonon mean free path and the mode wise thermal 
conductivity of ThO2.  
The ab initio calculation gives information about the thermal transport of a defect-free single 
crystal ThO2 whereas, the experimental samples are polycrystalline and porous having a significant 
influence on the thermal conductivity of manufactured fuel pellets. The optimum density of a fuel 
pellet in the reactor core is 95% TD. Hence, it is essential to determine the effect of porosity on 𝑘𝐿 
of ThO2 quantitatively. Previously, using MD simulations, Ghosh et al. [124,125] and Arima et al. 
[137] predicted the 𝑘𝐿 of 95% TD ThO2 by applying a correction (using Maxwell-Eucken 
equation) to the calculated values for 100% TD. In addition, Park et al. [138] also studied the effect 
of 0.1%, 1% and 5% oxygen vacancy, 0.1%, 1% and 5% thorium vacancy and uranium 
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substitutional defect. However, simulations focusing on the effect of the 5% porosity on the 𝑘𝐿 of 
ThO2 is absent. Therefore, in this work, MD simulations were carried to find the effect of porosity 
on the 𝑘𝐿 of ThO2 considering two cases with the cell sizes of 10 × 10 × 10 and 20 × 20 × 20. To 
further validate our theoretical predictions, measurements of thermal conductivity using laser flash 
apparatus were conducted on samples with varying density prepared by spark plasma sintering 
(SPS) technique. 
3.3 Computational and experimental methods 
3.3.1 Computational details  
All the first principles calculations were performed using the DFT technique [64,65] as 
implemented in the open source Quantum ESPRESSO [73] code. The pseudopotential used for 
both the thorium (Th) and oxygen (O) were norm conserved. The electronic exchange-correlation 
for O (taken from the pseudopotential library) is based on the generalized gradient approximation 
(GGA) with the Perdew, Burke, and Ernzerhof functional (PBE)[139]. However, for Th, the 
pseudopotential generated by Daroca et al. [140] using the atomic software of the Quantum 
ESPRESSO package was used. Geometry optimization evaluates the structural properties at zero 
Kelvin temperature by minimizing the total energy by varying both cell parameter and atom 
positions. We obtained the total energy convergence of ThO2, using an electron wave vector grid 
and the plane wave energy cutoff of 250 Ry and 8×8×8 respectively. The criteria for the electronic 
energy convergence and the force convergence was respectively set a value of 10-12 eV and 10-7 
eV/Å. 
3.3.2 Details of the BTE calculations  
In this work, the harmonic force constant is calculated using linear approach (DFPT) [86]. To 
obtain the converged phonon properties, the calculations of the harmonic force constant were done 
using a q-point mesh of 6×6×6 (phonon dispersion for different q-points are shown as, (Fig. 3.1.a)). 
The calculation of the third order force constants was performed on a 4×4×4 supercell, and the 
force cutoff distance was set to the fifth nearest neighboring atoms (n). The convergence of the 𝑘𝐿 
with respect to the number of q-points used in the second order force constant, and the number of 
grid planes (N) along each axis in the reciprocal space for solving the BTE is detailed in Fig. 3.1. 
The converged 𝑘𝐿 values were obtained using a q-point of 6×6×6, number of neighboring atoms 
as five and the N-grid as 22×22×22. From the cubic force constants, the phonon scattering 
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processes are evaluated using Fermi’s golden rule, and finally, the 𝑘𝐿 is calculated using the 
iterative solutions of the BTE as implemented in ShengBTE [83]. The 𝑘𝐿  presented in this work 
are the fully iterative solution of the Peierls-equation. ThO2 being a polar material, the non-
analytical contribution was considered, and the Born charges and the dielectric constant required 
to evaluate the non-analytical contribution[141] (nac) were calculated using the DFPT. 
 
Fig. 3.1. Convergence of the kL with respect to (a) the q-points considered for the second order 
force constants (by maintaining n=5 and N=18×18×18 for all the cases); (b) the number of grid 
planes along each axis in reciprocal space for solving the BTE (by considering q= 8×8×8 and n=5 
for all the cases). 
3.3.3 Details of the EMD calculations for bulk and porous ThO2   
For MD simulations, we used the EMD techniques together with the Green-Kubo linear response 
formalism [90] as implemented in LAMMPS (Large-scale Atomic/Molecular Massively Parallel 
Simulator) MD simulation code [142]. The Green-Kubo formalism uses the heat current 
autocorrelation function (HCACF) which decay along a direction as described in Ref. [90]. The 
HCACF at 300 K for a system build on 10×10×10 and 20×20×20 unit cells decayed to zero when 
the correlation length reaches 20 ps as shown in Fig 3.2. In this work, the 𝑘𝐿 of ThO2 by MD 
simulations were carried out on systems of size 8×8×8 (6144 atoms), 10×10×10 (12000 atoms), 
12×12×12 (20736 atoms) and 20×20×20 (96000 atoms), using the Embedded Atom Many-body 
(EAM) potentials developed by Cooper et al. [75]. Table 3.2 shows a variation of 6% in the 𝑘𝐿 
values at 300 K when the supercell size is varied from 8×8×8 to 20×20×20. However, at 300 K, 
the difference in 𝑘𝐿 values when the supercell size was varied between 10×10×10 and 20×20×20 
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is less than 1 %, suggesting that the 10×10×10 system is sufficient enough to represent all the 
phonon modes available to reproduce the phonon-phonon scattering present in bulk ThO2 [143]. 
For investigating the porosity influence on the 𝑘𝐿 of ThO2, two cases with the cell sizes of 
10×10×10 and 20× 20×20 were considered. 
 
Fig. 3.2. (a) The HFACF for ThO2 at a temperature of 300 K with a system size of 10×10×10 (blue 
lines) and 20×20×20 (black lines) unit cells. (b) The HFACF for ThO2 at a temperature of 300 K 
(blue line) and 1500 K (red line) with a system size of 10×10×10 unit cells; inset shows the kL 
fluctuations with time and the shaded region indicates the time range over which the HCACF 
integral is averaged to predict the kL. 
In each of the supercells, only one pore was introduced by manually removing 5% of atoms, in 
such a way that for every thorium atom two oxygen atoms are considered, to maintain the charge 
neutrality of the system.  
Table 3.2. The size dependence of 𝑘𝐿 of bulk ThO2 at a temperature of 300 K presented using 
EMD simulation and the Green-Kubo method. 
 
 
 
 
 
 
 
Size of the supercell 
 
Number of 
atoms 
Thermal conductivity 
(W/mk)  
at 300 K 
8×8×8   6144  18.90 
10×10×10  12000  17.93 
12×12×12  20736  18.35 
20×20×20  96000 17.77 
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To predict the 𝑘𝐿 of ThO2, the Verlet leapfrog algorithm was implemented [76]. Further, the system 
was first simulated in a constant number of atoms, pressure, and temperature (NPT) ensemble for 
6 ns to ensure it reached equilibrium at the desired temperatures, then the ensemble was switched 
to a constant number of atoms, volume, and temperature (NVT) ensemble and ran for 6 ns. The 
heat current autocorrelation function (HCACF) were estimated along with an NVE ensemble 
calculation which generates a 20 ns raw heat current data at every calculation. Finally, the 𝑘𝐿  value 
was computed by averaging the 𝑘𝐿  over the time range where the fluctuations were minimal as 
shown in the inset of Fig. 3.2.b.  
3.3.4 Details of the experiments  
The commercial ThO2 powder was supplied by IBILABS, U.S.A. These powders were then 
characterized by the x-ray diffraction (XRD) and scanning electron microscopy (SEM). The 
powder XRD (compared well with JCPDS file 042-1462) revealed a single-phase face centered 
cubic structure with the lattice parameter as 5.60 Å. The SEM micrograph (Fig. 3.3.a) of the 
commercial powder indicates that the particle has a square shaped morphology and the size has 
ranged between 1 μm and 6 μm.  
  
Fig. 3.3. (a) SEM image of ThO2 powder (b) SPS sintered ThO2 (98±0.5% TD) pellets of diameter 
12.5 mm × 4 mm thickness. Sintering was done at 1700 oC, 50 MPa, and 10 min. 
The as-received powder was sintered in argon atmosphere using a Thermal technology LLC 10-3 
spark plasma sintering system located at UBC (Kelowna, BC). Graphite tooling was used for SPS 
to fabricate a pellet of 12.7 mm diameter and 4 mm height. Graphoil was used at powder tooling 
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interface to reduce friction and reaction between powder and tooling. The temperature of the 
sintering die during the experiment was recorded using an optical pyrometer at a point 4 mm away 
from the surface of pellet.The two samples considered in this work has been sintered at two 
different temperature of 1600 oC and 1700 oC, while maintaining all other sintering parameters 
such as sintering pressure, hold time, heating and cooling rate as 50 MPa, 10 min and 100 oC/min 
respectively. 
After sintering the pellets were ground using 500 grit sandpaper to remove the residual graphite 
foil. XRD analysis were carried out to identify residual carbon or the formation of carbides or 
intermetallic during the SPS sintering. The Archimedes’ method was used to determine the density 
of each pellet by immersing the pellets in to the distilled water at room temperature. The sample 
was polished to mirror finish surface by grinding the pellets with silicon carbide papers up to 4000 
grits followed by polishing with 3μm MD mol cloth with 3 μm MD mol suspension and 1 μm MD 
Nap cloth with 1 μm MD Nap suspension. The polished pellets were subjected for the 
microstructural and textural studies using SEM, and electron back-scattered diffraction (EBSD) 
method using a SU 6600 field emission-scanning electron microscopy. The thermal diffusivity and 
thermal conductivity of the pellets with different density were measured using the laser flash 
technique. The samples are coated with the graphite spray for better absorption and emissivity of 
the laser flash. Laser flash technique records the thermal diffusivity (𝛼) of the specimens using the 
Parkers relations [111] given as shown in equation (2.28). From the measured 𝛼, the thermal 
conductivity as a function of temperature (k (T)) can be measured using the relation (2.29). The 
thermal conductivity measurements were made on cylindrical pellets of diameter 12.7 mm and 
thickness 2-3 mm. The thickness used for the measurement of thermal diffusivity of the samples 
were an average of five readings with a standard deviation of 0.01 mm. 
3.4 Results and Discussion  
3.4.1 Crystal structure and elastic constants from ab-initio calculations  
ThO2 has a fluorite structure with three independent atoms per unit cell and belongs to the space 
group of Fm-3m (225), as shown in Fig 3.4. The equilibrium lattice constants were obtained by 
minimizing the total energy with respect to the lattice parameter and atomic positions. Table 3.3. 
presents the calculated lattice constant (𝑎), bulk modulus (𝐵) and stiffness constants (𝐶𝑖𝑗) of ThO2 
in comparison with the values from the previous DFT calculations and the experiment. The PBE 
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functional predicted the lattice constant within an error less than 0.07% compared with the 
experimental data reported by Idiri et al. [144]. The PBE functional was able to quantify the ground 
state structural properties accurately compared to other pseudopotentials available in the QE 
repository [145]. The elastic constants provide the information about the important properties of a 
material such as stiffness, strength, mechanical stability, hardness, and ductility or brittleness 
[146]. The single crystal stiffness constants of ThO2 by using a stress-strain method  with the help 
of our in-house interface qe-nipy-advanced [74]. The mechanical stability of the system can be 
verified with the following Born’s mechanical stability criteria [147] 𝐶11 − 𝐶12 > 0, 𝐶11 + 2𝐶12 >
0, 𝐶44 > 0, the predicted stiffness constants have satisfied these conditions, indicating the system 
is mechanically stable. 
 
Fig. 3.4. Crystal structure of ThO2 in the conventional cubic unit cell (green and red represent Th 
and O atoms respectively. 
From the calculated stiffness constants, the polycrystalline bulk modulus, shear modulus  
(𝐺),Young’s modulus (𝑌) and Poisson’s ratio (𝜂) (Table 3.3) were determined using the Voigt-
Reuss-Hill approach. From Table 3.3. the bulk modulus values (186 GPa)  at zero temperature 
obtained from PBE method is only ~4% lower than the experimental value of 193 GPa [148] at 
room temperature. Since this PBE functional pseudopotentials predicted the structural and 
mechanical properties in excellent agreement with the experimental data, the same PBE functional 
pseudopotentials were used for the study of phonon properties and the 𝑘𝐿 of ThO2. 
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Table 3.3. Lattice parameter (𝑎𝑜) (in Å), bulk modulus (𝐵𝑜) (in GPa) and stiffness constants (𝐶𝑖𝑗) 
(in GPa) are given in comparison to previous experimental and theoretical results. 
 𝑎𝑜  𝐵𝑜  𝐶11  𝐶12  𝐶44  𝑌 𝐺 𝜂 
This work 5.604 186 354 107 75 237 92 0.292 
Szpunar et al. [149]  5.610 188 352 105 71 222 85 0.30 
Lu et al. [130]  5.619 190 351 107 74 – – 0.293 
Wang et al.[150]  5.62 191 350 111 71 227 87 0.302 
Kanchana et al.[151]  5.61 198 376 110 68 244 94 0.299 
Sevik et al.[152] 5.60 216 381 134 106 – – – 
Idiri et al. [153] 5.6 – – – – – – – 
Olsen et al. [154] 5.598 195 – – – – – – 
Clausen  et al. [155] – 223 377 146 89 – – – 
Macedo et al. [148] – 193 367 106 79 – – – 
Phani and Sanyal [156] – – – – – – – 0.284 
Phani and Niyogi [157] – – – – – 248 100 – 
 
3.4.2 Lattice dynamics  
Theoretical prediction of the lattice dynamics is critical for understanding the thermal properties 
of crystalline solids at finite temperatures. For instance, from the phonon properties of a material 
not only predict the thermal conductivity of the materials but also gives insight in to the other 
thermodynamic properties such as thermal expansion coefficient (),heat capacity at constant 
volume (𝐶𝑣), and entropy (𝑆). Moreover, the fundamental reasons for unique thermal 
characteristics of a material can be ascertained by analyzing the phonon scattering mechanism 
through phonon group velocities, and phonon mean free path, relaxation time and phonon 
scattering phase space [158]. In this work, the phonon dispersion of ThO2 is evaluated using the 
DFPT [159] and Fig. 3.5.a shows the calculated phonon dispersion spectra along the Γ-X-Γ-L high 
symmetry points in the Brillouin zone for two different q-points in comparison with the known 
experimental data generated by Clausen K et al. [155]. 
Since ThO2 has three atoms in the primitive unit cell, it has three acoustic mode phonons and six 
optical phonons. The group theory analysis gives the decomposition of the zone centre modes as 
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doubly degenerate transverse optical (TO) mode, the triply degenerate Raman active mode and the 
non-degenerate longitudinal optical (LO) mode. The three-zone center frequencies are 8.42 (8.22), 
13.03 (13.98), and 15.93(17.09) THz respectively (shown in brackets are the experimental value 
from the Ref. [155]). ThO2 is a polar material and due to polarization effect there is the partial 
lifting of degeneracy between the LO and TO phonons at the Brillouin zone centre as shown in 
Fig. 3.5.a. In addition, the Born effective charges,  𝑍𝑇ℎ
∗  =5.405 (5.37) 𝑍𝑂
∗  =2.702 (2.68), agrees 
well with the values reported (shown in brackets) by Xiao et al. [129] The calculated dielectric 
constant value 4.796 (4.83) was in reasonable agreement with the work done by Lu et al. [130].  
Fig. 3.5.b, shows the partial and total phonon density of states of ThO2. Th atoms dominate the 
frequency vibrations lower than 7.0 THz are dominated by Th ions and the higher frequency 
vibrations came from the vibrations of O ions. There exist no frequency gap between the optical 
and acoustic phonons, indicating that three phonon scattering is dominant resulting in relatively 
lower phonon relaxation time thereby leading to lower 𝑘𝐿. 
  
Fig. 3.5. (a) Simulated phonon spectra of ThO2 by the linear response approach with two different 
q-point meshes, 5×5×5 (black solid line) and 6×6×6 (dashed red line) compared with the 
experiment done by Clausen K et al. [155] ( blue dots) and (b) Partial (dotted lines) and total 
phonon density of states (solid green line). 
3.4.3 Three-phonon scattering phase space and Grüneisen parameter of ThO2 
The number of scattering channels available for a phonon being scattered is quantitatively 
described by three-phonon scattering phase space (P3) [160]. The available P3 gives an insight into 
the 𝑘𝐿 of a material, i.e. larger available P3, will have more channels for scattering and 
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subsequently lower 𝑘𝐿. To gain a quantitative understanding of available P3 on 𝑘𝐿, the total volume 
in phase space for three-phonon processes (P3_total)  for ThO2 is compared with our previously 
reported results such as silicon carbide (420 W/mK at 300 K) [161] a relatively higher 𝑘𝐿 material 
and CeO2 (16.71 W/mK at 300 K) a material with similar 𝑘𝐿. The P3_total (in units of 1/rad/ps) 
predicted along the same Brillioun path is higher for ThO2 (4.36x10
-3) than CeO2 (4.18x10
-3)  and 
SiC (1.66x10-3); clearly indicating that ThO2 has a larger three phonons scattering phase space, 
more channels for scattering and hence lower thermal conductivity than SiC and CeO2.  
 
Fig. 3.6. (a) Three-phonon scattering phase space available for ThO2 (b) mode Grüneisen 
parameter (γqj ). 
Grüneisen parameter (𝛾) illustrates the anharmonicity in a crystal and determines the strength of 
each scattering channel and the efficiency of each phonon mode in heat conduction is inversely 
proportional to the square of Grüneisen parameter, indicating that larger the Grüneisen parameter 
lower the 𝑘𝐿. According to Fig. 3.6.b, all the mode Grüneisen parameters are positive indicating 
volume expansion. At 300 K temperature, the average Grüneisen coefficient over the whole 
frequency range was 2.11 for ThO2, similar to the average Grüneisen coefficient of the popular 
surrogate CeO2. The mode Grüneisen parameter near 7.0 THz (near the TO mode) was higher, 
indicating that the optical mode scatters the acoustic phonons, thus causing hindrance to heat 
conduction 
3.4.4 Thermal conductivity and mode contribution of bulk ThO2 
Fig. 3.7.a shows the full iterative solution of BTE (black line) for ThO2 in comparison with our 
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experimental (red line) and EMD-GK (blue lines) studies. As expected, the 𝑘𝐿 of ThO2 decreases 
with increasing temperature from 300 K to 1500 K, because the phonon-phonon scattering 
dominates at high temperatures. The 𝑘𝐿 at 300 K is 15.37 W/mK and is in close agreement (~9.5% 
underpredicted) with the experimental data of 17 W/mK (corrected to 100% TD using the 
formulation provided in Ref. [162]). Furthermore, the difference in 𝑘𝐿 values obtained through our 
theoretical prediction and the previously reported simulated value of 12.40 W/mK (under 
prediction by 27%) at 300 K by Liu et al. (using BTE) clearly indicate the need for optimizing the 
parameters considered for the calculations of the second order (from finite difference (FD) method) 
and the third order force constants. The detailed description of the dependence of 𝑘𝐿 on various 
system parameters is already described in Fig. 3.1. Fig. 3.7.a also shows the 𝑘𝐿 value of ThO2 from 
300 K to 1500 K (at an interval of 200 K) predicted by EMD by considering a supercell size of 
20×20×20. The values predicted from EMD is also in excellent agreement with the experiments. 
These accurate theoretical predictions enable us to not only arrive at a rational expression for the 
porosity correction, but also in the DFT simulations of the mixed oxides.  
  
Fig. 3.7. (a) The temperature dependence of the phonon kL in ThO2 using BTE, EMD and 
experiment compared to previous theoretical [129] and experimental values of kL. (b) The mode-
wise kL of ThO2 in comparison with the simulated results for UO2 by Pang et al. [163]. 
Furthermore, the relative contribution of the acoustic and optical phonon modes to the total 𝑘𝐿 of 
ThO2 was examined Fig. 3.7.b shows the simulated contribution of mode-wise 𝑘𝐿 of ThO2 
compared with UO2 at room temperature previously calculated by Pang et al. [163]. In ThO2 the 
optical phonons contribute to about 30% of the total 𝑘𝐿 compared to the acoustic modes. The 
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optical contributions at 300 K from the doubly degenerate transverse optical mode (TO), the triply 
degenerate Raman active mode (T2g) and the non-degenerate longitudinal optical modes are 
14.2%, 14.5%, and ~1%, respectively. The theory predicts that like UO2, ThO2 will also have 
strong optical mode contribution to 𝑘𝐿. However, in the case of UO2, Pang et al. [163] have 
experimentally proved that the contribution of the TO branch to thermal conductivity is, in fact, 
higher than results from theory. Our theoretical predictions suggest an even more significant 
contribution of the TO branch towards thermal conductivity of ThO2, thus warrants an 
experimental validation.  
3.4.5 Thermal conductivity of porous ThO2 using MD simulations 
For the investigation of the effect of pores on the 𝑘𝐿 of ThO2 two different cases were considered. 
In the first case a supercell of 10×10×10 (12,000 ions) unit cells with a single pore of 2.3 Å radius 
was simulated. In the second case a supercell 20×20×20 (96,000 ions) unit cells with a single pore 
of 4.6 Å radius was simulated. In both cases the porosity was maintained at 5%. As a result of 
periodic boundary condition the separation between the center of pores in the first case and the 
second case is 54 Å and 108 Å respectively. To model the effect of porosity the distance between 
the pores should be sufficiently greater than the mean free path of the material for the given 
temperature. Previously, it was reported that 75% of the total 𝑘𝐿 at 300 K is contributed by phonons 
with a MFP below 79.34 nm, which indicate that the distance between the pores at 300 K should 
be sufficiently larger to avoid the effect of nanostructuring. Hence it is important that we have a 
large supercell to demonstrate the effect of porosity.  
Fig. 3.8 compares the predicted 𝑘𝐿 values of ThO2 using MD for a pure crystalline ThO2 (black 
line, on a supercell of size 20×20×20) and porous ThO2 modelled on two different supercells of 
size 10×10×10 (blue line) and 20×20×20 (black line). It is evident from the Fig. 3.8.a, compared 
to the pure crystalline ThO2 at 500 K the 𝑘𝐿 predicted for a porous ThO2 on a 10×10×10 supercell 
has reduced by 42%, whereas the same amount of porosity created on a 20×20×20 supercell 
decreased the 𝑘𝐿 by 18%. The reason for the significant reduction of 𝑘𝐿 for the 10×10×10 case can 
be attributed to the increased phonon scattering on the surface of the pores due to the decreased 
average distance between the pores, which directly can be compared to the mean free path of the 
phonons, as shown previously by Nichenko et al. Moreover, the experimental measurement done 
on two specimens with different density as shown in Fig. 3.8.a clearly reveals that EMD 
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simulations very well predicted the effect of porosity on the 𝑘𝐿 of ThO2. Furthermore, Fig. 3.8.b 
also compares the available 𝑘𝐿 values of ThO2 in literature using both EMD and NEMD, with the 
results obtained in this work using both EMD and LFA measurements.   
Fig. 3.8. (a) Simulated kL of pristine and porous ThO2 as a function of temperature by considering 
two different cell size of 10×10×10 (blue line) and 20×20×20 (red line), compared to the 
experiment. (b) The kL value in this work is compared with the available MD results (both EMD 
and NEMD) from literature. It has to be noted that expect for the work by Ghosh et al. (95% TD) 
all other predictions are for (100% TD). 
3.4.6 Experimentally measured thermal diffusivity and thermal conductivity of ThO2 
To validate the theoretical prediction on the effect of porosity, we carried out experiments on two 
pellets sintered at 1600 and 1700 ℃, with a relative density of 99% TD and 95% TD (measured 
using the Archimedes principle) were performed.  
                                             
Fig. 3.9. XRD peaks of ThO2 powder and pellets sintered at 1700 ℃. 
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These sintered pellets were characterized using XRD for the determination of the phase, and the 
XRD patterns revealed that the pellet sintered at 1600 ℃ and 1700 ℃ have a face-centred cubic 
crystal structure as shown in Fig. 3.9. The average grain size of pellets sintered at 1600 ℃ and 
1700 ℃ was 3 μm and 10 μm, respectively as shown in Fig.3.10. 
 
Fig. 3.10. EBSD image of pellets sintered at 1600 and 1700 ℃ respectively. 
The result of the thermal diffusivity measurements for ThO2 obtained with the LFA is presented 
in Fig. 3.11. The thermal diffusivity values measured for 99% dense pellet are in good agreement 
with the recently published result by Saoudi et al. [122] for a specimen with 98.8% dense pellet. 
Moreover, the thermal diffusivity of the sample with a density of 99% is less than 10 % at 500 K 
when compared with the specimen of 95% TD, which clearly indicate the effect of porosity on the 
thermal diffusivity of ThO2. Fig. 3.11.b shows the experimental results for the thermal conductivity 
of the pure ThO2 for two different density; one is 95% TD, and another sample is corrected to 
100% TD. For thermal conductivity, the estimated relative error for the whole temperature range 
is about 10% by considering the relative uncertainties on the thermal diffusivity (4.5%), specific 
heat (2%) and density (3%) [122,126]. It is evident from the graph that the pellet with higher 
density had better thermal conductivity. For instance, the difference in thermal conductivity 
between two specimens at 500 K was ~14% which agrees with the theoretical predictions by the 
MD calculation. The variation of density due to the thermal expansion and the 𝐶𝑝 was calculated 
using the equations proposed by Bakker et al. [114] for ThO2. The experimental results for the 
thermal conductivity of the pure oxides ThO2 for 95% TD are in agreement with that proposed by 
Bakker et al. [114]. 
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Fig. 3.11. (a) The thermal diffusivity of ThO2 as a function of temperature for specimens sintered 
at 1600 oC and 1700 oC. The uncertainty in the data point from the laser flash apparatus is ± 4.5% 
and the average of three measurement are provided in the graph with the error bar. (b) The thermal 
conductivity of the specimen with a density of 95% TD and 99% TD (corrected to 100% TD) 
compared to Bakker et al. [4]. 
3.5 Summary 
We have presented an extensive analysis of the 𝑘𝐿 of bulk and porous ThO2 based on experimental 
data and theoretical prediction. The combination of the theoretical and experimental approach 
helps to explain the large discrepancy in the 𝑘𝐿 value of ThO2 reported in the literature.  To best 
of our knowledge the presented theoretical predictions of 𝑘𝐿 using BTE is the most accurate 
prediction of 𝑘𝐿 of bulk ThO2 available so far in terms of its agreement with the experimental 
results. The recently developed pseudopotential was able to predict the structural and mechanical 
properties of ThO2 with better precision than the previously used pseudopotentials. The evaluation 
of the available three phonon scattering phase space and mode Grüneisen parameter of ThO2 
indicates that the lower 𝑘𝐿 of ThO2 is due to the increase scattering and strong anharmonicity 
respectively. The investigation of the mode wise contribution clearly suggest that the optical 
modes plays a significant role in the thermal transport of ThO2 similar to that observed in UO2. 
Additionally, we prepared two ThO2 pellets of varying density by SPS technique and measured 
the thermal conductivity of these pellets using laser flash technique. The experimental analysis of 
the samples reveals the dependence of sintering parameters on the density of the ThO2 sample and 
its effect on its measured thermal conductivity. We were able to successfully predict the effect of 
porosity on thermal conductivity using the classical MD approach and also demonstrate the need 
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for larger supercell to model porous ThO2 successfully. In conclusion, the complete analysis of the 
𝑘𝐿 of ThO2 using different approaches serves to eliminate the existing ambiguity in the thermal 
conductivity value of ThO2. 
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Chapter 4 : Atomistic and experimental study on thermal conductivity of bulk 
and porous cerium dioxide 
4.0 Overview  
This chapter accomplishes the latter part of the first objective of this thesis of determining the 
fundamental principles of thermal transport in bulk and porous CeO2. CeO2 is a popular surrogate 
material for traditional nuclear fuels, and the 𝑘𝐿value remains ambiguous. DFT simulations unified 
with the BTE to determine the phonon transport properties of CeO2. Apart from this, the MD 
simulations were carried out to understand the effect of porosity on the 𝑘𝐿 of CeO2. The 
simulations were further validated by measuring the thermal conductivity of CeO2 pellets prepared 
by SPS method, using LFA. 
The research findings reported in this chapter have been published as manuscript #2 as follows: 
L. Malakkal, A. Prasad, D. Oladimeji, E. Jossou, J. Ranasinghe, B. Szpunar, L. Bichler, J. Szpunar; 
“Atomistic and experimental study on thermal conductivity of bulk and porous cerium dioxide”; 
published in Nature Scientific Reports, Vol. 9 6326 (2019).  
The contributions of the PhD candidate are 1) performing DFT and MD calculations, 2) preparing 
the samples for characterization, 3) performing XRD and SEM characterizations, 4) measuring of 
thermal conductivity using Laser flash apparatus, 5) analyzing of the results, 6) writing the 
manuscript for publication. My supervisors reviewed the manuscript before it was submitted for 
publication in this journal. The copyright permission of this article is provided in Appendix C 
The differences between this chapter and the published paper are:  
1. The equations to determine the thermal diffusivity and the thermal conductivity using the 
laser flash apparatus has been removed to avoid repetition, and the equation has been 
referred to the equation 2.28 and 2.28 in chapter 2.  
2. The equations to determine the ground state structural and mechanical properties of CeO2 
is removed from this chapter to avoid repetition. 
3. The descriptions of the methodology section have been removed from this chapter to avoid 
the repetition as this section is covered in chapter 3 of this thesis.  
4. The references of the manuscript are listed at the end of this thesis.  
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Atomistic and experimental study on thermal conductivity of bulk and porous 
cerium dioxide 
  Linu Malakkal1, Anil Prasad2, Dotun Oladimeji3, Ericmoore Jossou1, Jayangani Ranasinghe3, 
Barbara Szpunar3, Lukas Bichler2, Jerzy Szpunar1 
1Department of Mechanical Engineering, University of Saskatchewan, Canada 
2School of Engineering University of British Columbia-Okanagan Kelowna, Canada 
3Department of Physics and Engineering Physics, University of Saskatchewan, Canada 
4.1 Abstract 
Cerium dioxide (CeO2) is a surrogate material for traditional nuclear fuels and an essential material 
for a wide variety of industrial applications both in its bulk and nanometer length scale. Despite 
this fact, the underlying physics of thermal conductivity (𝑘𝐿), a crucial design parameter in 
industrial applications, has not received enough attention. In this article, a systematic investigation 
of the phonon transport properties was performed using ab initio calculations unified with the 
Boltzmann transport equation. An extensive examination of the phonon mode contribution, 
available three-phonon scattering phase space, mode Grüneisen parameter and mean free path 
(MFP) distributions were also conducted. To further augment theoretical predictions of the 𝑘𝐿, 
measurements were made on specimens prepared by spark plasma sintering using the laser flash 
technique. Since the sample porosity plays a vital role in the value of measured 𝑘𝐿, the effect of 
porosity on 𝑘𝐿 by molecular dynamics (MD) simulations were investigated. Finally, we also 
determined the nanostructuring effect on the thermal properties of CeO2. Since CeO2 films find 
application in various industries, the dependence of thickness on the in-plane and cross-plane 𝑘𝐿 
for an infinite CeO2 thin film was also reported.  
4.2 Introduction  
The lattice thermal conductivity (𝑘𝐿) depends on the mean free path (MFP), i.e. the distance 
travelled by the phonons before the occurrence of any scattering events. A detailed quantitative 
understanding of the mode dependent phonon properties and the bulk MFPs in each material is 
imperative to exercise control over its thermal management. Furthermore, the thermal transport 
properties of the bulk and the nanostructured (wires, films, porous, and nanocrystalline material) 
counterparts of a given material differ significantly due to increased boundary scattering in the 
latter. Understanding this phenomenon becomes necessary when studying thermal conductivity of 
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materials such as Cerium dioxide (CeO2), which finds applications in both bulk and nanostructured 
form. Bulk CeO2 is frequently used as a surrogate material in the nuclear industry, as an oxygen 
storage material in automobile exhaust systems [164], and as an electrolyte in solid oxide fuel cells 
[165]. Also, nanostructured CeO2 is used for diverse applications in various industries. For 
instance, in electronics, the thin films of CeO2 are among the most prospective buffer layers for 
high-temperature semiconductor and ferroelectric films deposited on silicon [166,167]. In the 
nuclear industry, CeO2 thin film deposits have been proposed for controlling the oxidation of 
nickel alloys [168], and microspheres of CeO2 have been synthesized for space nuclear applications 
[169]. Unfortunately, to date, accurate atomic-scale investigation on the details of mode-wise 
thermal transport properties and MFP of CeO2 have not been reported.   
Although several studies have reported the 𝑘𝐿 of CeO2, the value remains ambiguous. 
Experimentally, 𝑘𝐿 of CeO2 has been determined using laser flash technique. Nelson et al.  [170] 
and Khafizov et al. [171] measured the 𝑘𝐿 of 95 % dense CeO2 pellet and reported respective 
values of 6.6 W/mK and 17.5 W/mK (correcting for porosity using a modified Loeb expression), 
at room temperature. The ab initio theoretical calculations for the 𝑘𝐿 of CeO2 performed by Xiao 
et al. [129] and the molecular dynamics (MD) study by Khafizov et al.  [171] predict the 𝑘𝐿 as 12 
W/mK and 19 W/mK respectively. However, Xiao et al.  [129] used the analytical Slack model 
[172], which heavily relied on the fitting parameters that may obscure the underlying physics of 
heat transfer. Whereas, the MD simulations performed by Khafizov et al.  [171] could have over-
predicted the 𝑘𝐿 at lower temperatures as MD simulations do not account for intrinsic scattering 
at these temperatures. Right through the literature, the value of 𝑘𝐿 of CeO2 at room temperature 
has varied between (6.6 W/mK and 19 W/mK) and thus exists a disparity. To resolve this 
aberration, we perform an ab initio calculation using density functional theory (DFT) [66], density 
functional perturbation theory (DFPT) [86] and lattice dynamics in concord with the Boltzmann 
transport equation (BTE) using ShengBTE [83]. This theoretical approach does not require any 
assumption on the phonon lifetime to predict the 𝑘𝐿. BTE has been successfully utilized in the 
investigations of phonon transport properties for many materials [173–178] with high accuracy. In 
addition to the ab initio calculations, MD simulations were carried out to understand the effect of 
porosity on the 𝑘𝐿 of CeO2. Moreover, using the laser flash experiment technique, the thermal 
conductivity of porous CeO2 pellets prepared by spark plasma sintering (SPS) method has also 
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been reported be a restrictive factor for the heat transfer.  
 In nanostructured materials, where the phonon MFP is comparable to the grain size, grain 
boundaries can modulated thermoreflectance technique and an analytical solution of BTE to 
understand the thermal transport properties of ceria thin films grown by unbalanced magnetron 
sputtering. The significantly reduced conductivity of these thin films compared to the bulk CeO2 
was attributed to the combined effect of the point defects, grain boundaries, and dislocations. 
However, their study was not able to shed light on the influence of nanostructuring. For nanoscale 
applications, the characteristic lengths of the nanostructures can be a limiting factor in the thermal 
transport. To have a comprehensive understanding of this limiting factor, it is critical to know MFP 
of CeO2. It is also important to know what specific length of the nanostructure is going to be 
significant for CeO2. Therefore, in this work, the ab initio prediction of the MFP, the relaxation 
time of the phonons, their mode-wise contribution to thermal conductivity, and the effect of 
nanostructuring on the reduction of thermal conductivity were investigated. These findings will 
aid the selection of the size and thickness of the nanostructures in tuning the thermal properties. 
Furthermore, the effect of nanostructuring by studying the cross plane and in-plane thermal 
conductivity of CeO2 thin films and the impact of the thickness of the thin films and temperature 
on the thermal conductivity was also performed. These predicted results not only enable the 
accurate explanation of the experimental results but also guide further designs and applications. 
4.3 Methods 
4.3.1 Computational details  
All the first principles calculations were performed using the DFT as implemented in the open 
source Quantum ESPRESSO [73] code. The pseudopotential used were norm conserved, and the 
electronic exchange-correlation is based on the generalized gradient approximation (GGA) with 
the Perdew, Burke, and Ernzerhof functional for solids (PBEsol) [139]. Geometry optimization 
evaluates the structural properties at zero Kelvin temperature by minimizing the total energy by 
varying both cell parameter and atom positions. We obtained the total energy convergence of 
CeO2, using an electron wave vector grid and the plane wave energy cutoff of 950 eV and 8 × 8 × 
8 respectively. The criteria for the electronic energy convergence and the force convergence was 
respectively set a value of 10-12 eV and 10-7 eV/Å.  
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In this work, the harmonic force constant is calculated using both linear approach (DFPT) [86] and 
direct approach (Parlinski-Li-Kawazoe method) [87], based on the supercell approach with finite 
displacement method as implemented in the Phonopy package [88]. To obtain the converged 
phonon properties, the calculations of the harmonic force constant were done using a q-point mesh 
of 8 × 8 × 8 (phonon dispersion for different q-points are shown as supplementary information 
(S.I) S.I.4.1, (Fig. 4.12)) and a 5 × 5 × 5 supercell of the primitive cell containing 375 atoms. The 
calculation of the third order force constants was performed on a 4 × 4 × 4 supercell, and the force 
cutoff distance was set to the ninth nearest neighboring atoms. The convergence of the 𝑘𝐿 with 
respect to the number of q points used in the second order force constant, the number of 
neighboring atoms considered in third order force constant and the number of grid planes along 
each axis in the reciprocal space for solving the BTE is detailed in Fig. 4.1. From the cubic force 
constants, the phonon scattering processes are evaluated using Fermi’s golden rule, and finally, 
the 𝑘𝐿 is calculated using the iterative solutions of the BTE as implemented in ShengBTE. The 𝑘𝐿  
presented in this work are the fully iterative solution of the Peierls-equation, and the convergence 
of 𝑘𝐿with the number of iterations starting from the zeroth-order approximation (which is 
equivalent to operating under RTA) and the 𝑘𝐿 at low temperature (< 300 K) are shown in S.I.4.2 
(Fig. 4.13) and S.I.4.3 (Fig.4.14) respectively.  
For a polar material, the interatomic forces are divided into two additive contributions; the analytic 
and non-analytic contributions (nac). The analytic contribution accounts for all the forces under 
the restricted periodic boundary conditions under which the averaged electric field is assumed to 
be zero. The nonanalytic contribution accounts the additional forces owing to non-zero averaged 
electric field [141]. The classical Newton’s second law of motion for describing the atomic 
vibrations for a polar solid is as shown in equation (4.1), 
where mj denotes the atomic mass of the j
th atom in the primitive unit cell, α (α = x, y, z) is the 
component of the atomic displacement from its equilibrium position of the jth atom in the Pth 
reference primitive unit cell within a supercell, as detailed in Ref.[141]. The first term on the right-
hand side of the equation (4.1) corresponds to the analytical force arising due to the short-range 
interatomic interactions. The U and E (U) in the first term represent the whole set of atomic 
𝑚𝑗 (𝜕2
𝑢𝛼(𝑡, 𝑗; 𝑃)
𝜕𝑡2
) =  −(
𝜕𝐸(𝑈)
𝜕𝑢𝛼(𝑡, 𝑗; 𝑃)
) + 𝑒𝑍𝛼(𝑗). 𝐸. 
 
(4.1) 
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displacements and the total energy respectively. In the second term, the dot product between the 
Born effective charge (Z) and the average of the electric field (E) induced by the atomic vibrations 
accounts for the non-analytic force due to the long-range coulombic interaction. In this work, CeO2 
being a polar material, the non-analytical contribution was considered, and the Born charges and 
the dielectric constant required to evaluate the non-analytical contribution were calculated using 
the DFPT.  Therefore, the nac contribution needs to be included in the 𝑘𝐿  calculation of CeO2.  
 
Fig. 4.1. Convergence of the kL with respect to (a) the q-points considered for the second order 
force constants (by maintaining n=9 and N=18×18×18 for all the cases); (b) the number of 
neighboring atoms considered for calculating the third order force constant (by keeping q=8×8×8 
and N=18×18×18 for all the cases); (c) the number of grid planes along each axis in reciprocal 
space for solving the BTE ( by considering q= 8×8×8  and n=9 for all the cases). 
For MD simulations, we used the equilibrium classical MD techniques together with the Green-
Kubo linear response formalism [90] as implemented in LAMMPS (Large-scale 
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Atomic/Molecular Massively Parallel Simulator) MD simulation code [142]. The Green-Kubo 
formalism uses the heat current autocorrelation function (HCACF) (shown in Fig. 4.2) which 
decay along a direction as described in Ref. [90]. To predict the 𝑘𝐿 of CeO2, the Verlet leapfrog 
algorithm was implemented [76]. Further, the system was first simulated in a constant number of 
atoms, pressure, and temperature (NPT) ensemble for 4 ns to ensure it reached equilibrium at the 
desired temperatures, then the ensemble was switched into a constant number of atoms, volume, 
and temperature (NVT) ensemble and ran for 4 ns. The heat current autocorrelation function 
(HCACF) were estimated along with an NVE ensemble calculation which generates an 8 ns raw 
heat current data at every calculation. Finally, the 𝑘𝐿  value was computed by averaging the 𝑘𝐿  over 
the time range were the fluctuations were minimal as shown in the inset of Fig. 4.2.b.  
 
Fig. 4.2. (a) The HFACF for CeO2 at a temperature of 300 K with a system size of 10×10×10 and 
20×20×20 unit cells. (b) The HFACF for CeO2 at a temperature of 300 K and 1500 K with a system 
size of 10×10×10 unit cells; inset shows the kL fluctuations with time and the shaded region 
indicates the time range over which the HCACF integral is averaged to predict the kL. 
Finally, to study the effect of the nanostructuring and calculate the in-plane and cross-plane 
thermal conductivity of thin films of CeO2 we used the open source almaBTE code [84]. Recently, 
an exact solution to evaluate the BTE in the cross-plane geometries has been obtained. The film 
conductivity at thickness L as an integral of phonon frequency is given as,  
𝑘(𝐿) =  ∫𝑆(𝜔, 𝐿)𝑘(𝜔)𝑑𝜔 
(4.2) 
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Where S is a suppression function that contains the thin film physics and k(ω) denotes the bulk 
spectral conductivity. More detailed description of the procedure can be found in the following 
reference [84,179]. It has to be noted that the almaBTE code uses the second order force constant 
predicted by the FD method. Hence the 𝑘𝐿values for the nanostructured cases are underpredicted 
by ~19 % as shown for the bulk CeO2.  
4.3.2 Materials and experimental details  
The 99.9% pure CeO2 powder was obtained from ACROS Organics. The as-received powder was 
observed under the scanning electron microscope, the micrograph as shown in Fig. 4.3.a revealed 
that the particles were needle-shaped with dimensions around 20 μm long and 5 μm wide.  The as-
received powder was sintered using SPS (Thermal Technology LLC 10-3 system) in a graphite 
die-punch setup as shown in Fig. 4.3.b. The powder die contacts were separated by graphite foils 
to protect the die from contamination and to reduce friction between the powders and die. A 6 mm 
hole was drilled from the inner surface of the die, and a pyrometer was focused on this hole to 
record the temperature of the die. The temperature was controlled by regulating the current passing 
through the die-punch system, and a Data Acquisition System was used to record displacement, 
temperature and pressure data.  
 
Fig. 4.3. (a) Scanning electron micrograph of as-received CeO2 powders from ACROS Organic. 
(b) Schematic diagram of SPS sintering of CeO2. 
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The pellets were sintered by varying the sintering parameters such as temperature, pressure and 
hold time. The sintered pellets were then subjected to X-Ray Diffraction (XRD) using BRUKER 
D8 with Chromium K-alpha radiation to determine the phase and the presence of any residual 
carbon during the SPS sintering. The Archimedes’ method was used to determine the density of 
each pellet. Finally, the thermal conductivity was calculated using the laser flash apparatus; Laser 
flash technique records the thermal diffusivity (α) of the specimens using the Parkers relations 
[111] given as shown in equation (2.28). From the measured α, the thermal conductivity as a 
function of temperature (k (T)) can be measured using the relation (2.29). In this work the Cp 
changes as a function of temperature was determined by comparing the maximum value of the 
temperature rise with that of a reference pellet, using the relation Cp = Q/(dT.m), where Q represent 
the energy of the pulsed laser beam, m mass of the specimen, and dT is the maximum value of the 
temperature rise. The reference pellet used was a certified stainless steel. However, the density 
changes as a function of temperature has been kept constant. The thermal conductivity 
measurements were made on cylindrical pellets of diameter 12.7 mm and thickness 2-3 mm. 
4.4 Results and Discussion 
4.4.1 Crystal Structure and elastic constants 
CeO2 has a fluorite structure with three independent atoms per unit cell and belongs to the space 
group of Fm-3m (225), as shown in Fig. 4.4.  
 
Fig. 4.4. Crystal structure of CeO2 in the conventional cubic unit cell (blue and red represent Ce 
and O atoms respectively. 
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The equilibrium lattice constants were obtained by minimizing the total energy with respect to the 
lattice parameter and atomic positions. The detailed description of the optimized parameter and 
the pseudopotential used for the simulation were provided in section 5.3. Table 4.1. presents the 
calculated lattice constant (a), bulk modulus (B) and stiffness constants (Cij) of CeO2 in 
comparison with the values from the previous DFT calculations [180–183] and the experiment 
[144]. The PBEsol functional predicted the lattice constant within an error less than 0.01% 
compared with the experimental data reported by Nakajima et al. [144] As expected, the new 
PBEsol functional was able to quantify the ground state structural properties more accurately than 
previous DFT calculations performed using linear density approximation (LDA) [180], GGA 
[181], Hartwigsen- Goedecker-Hutter (HGH) [182] and PAW [183] pseudopotentials. The elastic 
constants are important parameters that provide information on the properties of a material such 
as stiffness, strength, mechanical stability, hardness, and ductility or brittleness [146]. We 
evaluated the single crystal stiffness constants of CeO2 by using a stress-strain method [184,185] 
with the help of our in-house interface qe-nipy-advanced [74]. The stiffness constants for a 
mechanically stable cubic structure should satisfy the following Born’s mechanical stability 
criteria [147] 𝐶11 − 𝐶12 > 0, 𝐶11 + 2𝐶12 > 0, 𝐶44 > 0. The listed stiffness constants have satisfied 
these criteria indicating that the system is mechanically stable. 
Table 4.1. Structural and mechanical properties of CeO2 compared with previous DFT 
calculations and the experiment. 
 
a 
 (Å) 
B 
(GPa)  
C11  
(GPa) 
C12 
(GPa) 
C44 
(GPa) 
G 
(GPa) 
Y 
(GPa) 
η References 
5.409 192 355 110 62 82 215 0.313 This work 
(PBEsol) 
5.37 203 371 117 68 - - - LDA [180] 
5.45 193 - - - - - - PAW [183] 
5.37 210 386 124 73 - - - HGH [182] 
5.44 181 347 97 51 74 195 0.218 GGA [181] 
5.41 204 403 105 60 - - - Exp.  [144] 
 
From the calculated stiffness constants, the polycrystalline bulk modulus, shear modulus, Young’s 
modulus and Poisson’s ratio (listed in Table 4.1) were determined using the Voigt-Reuss-Hill 
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approach [186–188]. From Table 4.1. the bulk modulus values (192 GPa)  at zero temperature 
obtained from PBEsol method is only about  6% lower than the experimental value of 204 GPa 
[144] at room temperature. Since the calculated structural and mechanical properties are in 
excellent agreement with the experimental data, the same PBEsol functional pseudopotentials were 
used for the study of phonon properties and the 𝑘𝐿 of CeO2. 
4.4.2 Lattice dynamics 
Lattice dynamics is critical for understanding the thermal properties of crystalline solids at finite 
temperatures. For instance, the phonon densities of states are required to evaluate thermodynamic 
properties such as thermal expansion coefficient (), CV, entropy (S) and 𝑘𝐿. Moreover, the 
fundamental reasons for unique thermal characteristics of a material can be ascertained by 
analyzing the phonon scattering mechanism through phonon group velocities, and phonon mean 
free path, relaxation time and phonon scattering phase space [158]. At present, two approaches the 
linear-response approach [159] and the direct approach [87,189] are widely used to evaluate the 
phonon dispersion. In Fig. 4.5.a the calculated phonon dispersion spectra using these two 
approaches the linear-response approach (QE) and the direct approach (Phonopy) are presented 
along the Γ-X-Γ-L high symmetry points in the Brillouin zone and compared with the known 
experimental data. 
 
Fig. 4.5. (a) Phonon spectra of CeO2 predicted by the linear response approach using q-point of 
6×6×6  (red line) and the finite displacement (FD) methods (dotted green line) compared with the 
experiment done by Clausen K et al. [155] ( blue dots). (b) Partial (dotted lines) and total phonon 
density of states (solid black line). 
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The predicted phonon spectra using both the linear-response approach and the finite displacement 
(FD) methods are in good agreement with the experimental data generated by Clausen K et al.  
[155], for the entire Brillouin zone using inelastic neutron scattering at 293 K. CeO2 has three (n) 
atoms per primitive unit cell and thus there are in three dimensions (d = 3) three acoustic mode 
phonons and d (n-1) = 6 optical phonons. The group theory analysis gives the decomposition of 
the zone centre modes as doubly degenerate transverse optical (TO) mode, the triply degenerate 
Raman active mode and the non-degenerate longitudinal optical (LO) mode. The three-zone center 
frequencies are 8.42 (8.15), 13.03 (13.94), and 15.93(17.84) THz respectively (shown in brackets 
are the experimental value from the Ref. [190]). The partial lifting of degeneracy between the LO 
and TO phonons at the Brillouin zone centre is due to the polarization effect, which indicates that 
the CeO2 is a polar material as shown in Fig. 4.5.a The Born effective charge for an insulator is a 
measure of the change in electronic polarization due to ionic displacements. These charges are 
essential for elucidating the physical understanding of piezoelectric and ferroelectric properties 
since they describe the coupling between lattice displacements and the electric field. The Born 
effective charges,  𝑍𝐶𝑒
∗  =5.793 (5.746) 𝑍𝑂
∗  =2.896 (2.873), agrees well with the values reported 
(shown in brackets) by Xiao et al. [129] The calculated dielectric constant value 7.87 (6.0) is in 
reasonable agreement the work done by Santha et al. [190]. 
The partial and total phonon density of states is shown in Fig. 4.5.b. The partial density of the state 
shows that the frequency vibrations lower than 6.0 THz are dominated by the Ce ions and the 
higher frequency vibrations are mainly contributed by the dynamics of O ions. The phonon 
dispersion of CeO2 along Γ-X-Γ-L, high symmetry points in the Brillouin zone does not display 
frequency gap between optical and acoustic phonons. The absence of frequency gap in case of 
CeO2 indicates that three-phonon scattering is dominant resulting in relatively lower phonon 
relaxation time thereby leading to lower 𝑘𝐿. The accurate prediction of phonon dispersion curve 
of CeO2 using both the linear-response approach and direct approach enables reasonable precision 
in the projection of phonon-assisted properties.   
4.4.3 Three-phonon scattering phase space and Grüneisen parameter 
Three-phonon scattering phase space (P3) quantitatively describes the number of scattering 
channels available for a phonon being scattered [160]. The available P3 gives an insight into the 
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𝑘𝐿 of a material i.e. larger available P3, will have more channels for scattering and subsequently 
lower 𝑘𝐿. The P3 is solely determined from a material’s phonon spectra and is defined as [158], 
𝑃3(𝑞, 𝑗) =
1
3Ω
(2𝑃3
(+)(𝑞𝑗) + 𝑃3
(−)
(𝑞𝑗)) 
 
(4.3) 
where q is the momenta of phonons, j is the phonon branches, Ω = 𝑛𝑗
3𝑉𝐵𝑍
2  is the normalized factor 
equal to unrestricted phase space for each type of process. 𝑃3
+ and 𝑃3
− are the absorption and 
emission processes respectively, defined by,  
𝑃3
±(𝑞, 𝑗) =
1
𝑁𝑞
 ∑ 𝛿(𝜔𝑞𝑗  ± 𝜔𝑞1𝑗1 − 𝜔𝑞2𝐽2)𝛿𝑞±𝑞1,𝑞+𝐺  
𝑞1,𝑞2,𝑗1,𝑗2
 
 
(4.4) 
 
Fig. 4.6. (a) Three-phonon scattering phase space. (b) Mode Grüneisen parameter (γqj ). 
where 𝑁𝑞 is the total number of q points in the first Brillouin zone. Fig. 4.6.a shows the P3 of CeO2 
for the acoustic and optical modes. To gain a quantitative understanding of available P3 on 𝑘𝐿, the 
total volume in phase space for three phonon processes (P3_total)  for CeO2 is compared with our 
previously reported results of a relatively higher 𝑘𝐿 material such as silicon carbide (420 W/mK 
at 300 K) [161]. The P3_total (in units of 1/rad/ps) predicted along the same Brillioun path is 
higher for CeO2 (4.18x10
-3) than SiC (1.66x10-3); clearly indicating that CeO2 has a larger three 
phonons scattering phase space, more channels for scattering and hence lower thermal conductivity 
than SiC. Lindsay and Broido [158] have already established the phase space available for the 
three-phonon scattering for semiconductors. In this work, the possible P3 for a lanthanide oxide 
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was illustrated, and these findings would aid in qualitatively determining the thermal 
conductivities of new materials with known phonon dispersion.  
Grüneisen parameter (𝛾) illustrates the anharmonicity in a crystal and is defined as the shift in 
phonon frequency with change in volume. It is an established fact that anharmonicity in an ordered 
crystal structure determines the strength of each scattering channel and the efficiency of each 
phonon mode in heat conduction is inversely proportional to square of Grüneisen parameter. To 
quantitatively examine the anharmonicity of CeO2, we plot the mode Grüneisen parameters at zero 
temperature (as shown in Fig. 4.6.b) derived from the third-order anharmonic force constants 
(shown in equation (4.5)) as implemented in the ShengBTE [83] and is defined  as: 
where 𝛷
𝑛𝑜,𝑛′𝑙′,𝑛l
𝛼𝛽𝛾
  are the third-order force constants, e is the phonon eigenvectors, n denotes the 
nth primitive cell in the supercell, α is the Cartesian components of x, y, or, z, Mn refers to the mass 
of the atomic type n in the primitive cell and rηl is the position vector of the ηth atom in the lth 
primitive cell. According to Fig. 4.6.b, the sum of all mode Grüneisen parameters are positive 
indicating volume expansion. At zero temperature, the average Grüneisen coefficient over the 
whole frequency range was 2.07. The mode Grüneisen parameter near 7 THz (near the TO mode) 
is higher, indicating that the scattering of acoustic phonons by the optical mode caused hindrance 
to heat conduction.  Changes in mode Grüneisen parameter with different q-points in the second 
order force constant and the neighboring atoms in the third order force constant is given as S.I in 
S.I.4.4 (Fig. 4.15). 
4.4.4 Theoretical prediction of thermal conductivity and mode contribution.  
The full iterative solution of BTE for CeO2 is shown in Fig. 4.7.a. As expected, the 𝑘𝐿 of CeO2 
decreases with increasing temperature because the phonon-phonon scattering dominates the 𝑘𝐿 at 
high temperatures. The 𝑘𝐿 at 300 K is 16.71 W/mK. Our predictions were made assuming a defect-
free crystal and thus could potentially represent the upper limit of 𝑘𝐿. The previous experimental 
value of thermal conductivity for CeO2 appears to be scattered. For example, for ~ 95% dense 
pellets at 373 K, Jakub et al.  [191] and Nelson et al.  [170] reported a value of 9.58 W/mK and 
6.2 W/mK, respectively. These scattered values of 𝑘𝐿 reported in the literature are generally 
𝛾𝑝(𝑞)ǀ𝑎𝑛ℎ  = −
1
6𝜔𝑝(𝑞)2
 ∑ ∑ ∑ 𝛷
𝑛𝑜,𝑛′𝑙′,𝑛"l"
𝛼𝛽𝛾
𝛼𝛽𝛾𝑛"𝑙" 𝑛′𝑙′
 × (
 𝑒𝛼𝜂
𝑝 (𝑞∗)𝑒
𝛽𝜂′
𝑝 (𝑞)
√𝑀𝜂𝑀𝜂′
)𝑒−𝑖𝑞𝑅𝑖
′
𝑟𝜂" 𝑙"𝛾′ 
 
(4.5) 
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justified by pointing to microstructures.  This may not be true under all circumstances. In these 
situations, an accurate theoretical prediction without the usage of fitting parameters can 
significantly help in arriving at a meaningful physical explanation. The highest reported 
experimental value for CeO2 for a ~ 95 % dense pellet at room temperature is by Jakub et al.  [191] 
(14.1 W/mK) and our theoretical predictions at 300 K is 16.71 W/mK (red dots) for 100% dense 
single crystal, are in excellent agreement. Furthermore, the difference in 𝑘𝐿 values obtained 
through our theoretical prediction and the previously reported simulated value of 12 W/mK at 300 
K by Xiao et al. [129] (using fitting parameters) clearly indicate the apparent disadvantages of 
using fitting parameters. We also noted that Xiao et al. obtained the second order force constant 
required for their calculation using the finite difference (FD) method. Our 𝑘𝐿 predictions using the 
second order force constant from the FD method (green dot) has also under predicted the value of 
𝑘𝐿 by 19% in comparison with the 𝑘𝐿 predicted using the second order force constant obtained 
from DFPT method. Moreover, accurate theoretical predictions enable us to arrive at a rational 
expression for the porosity correction, as there is a multitude of expressions to choose from, 
depending on the material and temperature range. 
 
Fig. 4.7. (a) The temperature dependence of the phonon kL in CeO2 using BTE and experiment 
compared to previous theoretical [129] and experimental [170] values of kL. (b) The mode-wise kL 
of CeO2 in comparison with the simulated results for UO2 by Pang et al. [163]. 
Furthermore, we probe the relative contribution of the acoustic and optical phonon modes to the 
total 𝑘𝐿 of CeO2. Typically, for ceramic materials, there is a tendency to neglect the optical 
contribution owing to their consistently low group velocities and shorter lifetimes [192]. However, 
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the Uranium dioxide (UO2) with a reported critical optical mode is an exception [163]. In the wake 
of this, it would be interesting to know the mode-wise thermal conductivity of the popular nuclear 
fuel surrogate CeO2. To best of author’s knowledge, the mode-dependent 𝑘𝐿 of CeO2 has not 
received enough attention. Fig. 4.7.b shows the simulated contribution of mode-wise 𝑘𝐿 of CeO2 
compared with UO2 at room temperature previously calculated by Pang et al.  [163]. In CeO2 the 
optical phonons contribute to about 27% of the total 𝑘𝐿 compared to the acoustic modes. The 
optical contributions at 300 K can be precisely broken down to 13.1%, 13.7%, and ~1% from the 
doubly degenerate transverse optical mode (TO), the triply degenerate Raman active mode (T2g) 
and the non-degenerate longitudinal optical mode, respectively.  The theory predicts that like UO2, 
its surrogate CeO2 will also have strong optical mode contribution to 𝑘𝐿. However, in the case of 
UO2, Pang et al. [163] have experimentally proved that the contribution of the TO branch to 
thermal conductivity is, in fact, higher than the theoretical prediction. Our theoretical predictions 
suggest an even more significant contribution of the TO branch towards thermal conductivity of 
CeO2, and could, therefore, make an experimental validation worthwhile. 
4.4.5 Effect of porosity on the thermal conductivity using MD simulations and experiments. 
So far in this manuscript, the primary focus was in understanding the underlying physics of thermal 
transport and determining the 𝑘𝐿 of a defect-free single crystal CeO2 using first principles 
approach. However, manufacturing a defect-free specimen of CeO2 with 100% theoretical density 
(TD) is impracticable, and most importantly 𝑘𝐿 of a sample with porosity and defects are expected 
to be lower than 100% dense CeO2. Therefore, it is essential to determine the effect of porosity on 
𝑘𝐿 of CeO2 quantitatively. Hence, the effect of porosity on the 𝑘𝐿 of CeO2 has been determined 
using both simulation (MD approach) and experiment.  It has to be noted that evaluation of the 
effect of porosity using first principles is still in genesis, and for that reason, MD simulations were 
used.  Moreover, the theoretical prediction of 𝑘𝐿 using both BTE and MD approach complement 
each other well. The BTE calculates the quantum mechanical scattering rates directly by 
considering only the lowest order of phonon-phonon interactions and hence become less accurate 
at very high temperatures where higher order interactions become significant.  In contrast, the MD 
simulations based on classical potential are less reliable at a lower temperature. However, at high 
temperatures, the phonon-phonon interactions of all orders are duly considered.   
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In this work, the 𝑘𝐿 of CeO2 by MD simulations were calculated on systems of 8×8×8 (6144 
atoms), 10×10×10 (12000 atoms), 12×12 ×12 (20736 atoms) and 20×20×20 (96000 atoms), using 
the Embedded Atom Many-body (EAM) potentials developed by Cooper et al. [75]. Table 4.2 
shows that there is no noticeable difference in the 𝑘𝐿 of CeO2 at 300 K with different supercell 
sizes, suggesting that 8×8×8 system is sufficient enough to represent all the phonon modes 
available to reproduce the phonon-phonon scattering present in the bulk CeO2 [143].  
Table 4.2. The size dependence of 𝑘𝐿 of bulk CeO2 at a temperature of 300 K presented using 
EMD simulation and the Green-Kubo method. 
 
Size of the supercell 
 
Number of atoms Thermal conductivity 
(W/mk)  
at 300 K 
8×8×8   6144  18.87 
10×10×10  12000  18.35 
12×12×12  20736  18.35 
20×20×20  96000 18.84 
 
 
Fig. 4.8. (a) Simulated and experimental kL of porous CeO2 as a function of temperature. (b) 
Influence of porosity on the kL of CeO2, by considering the same porosity on a cell size of 
10×10×10 (blue line) and 20×20×20 (red line) unit cells 
For investigating the porosity influence on the 𝑘𝐿 of CeO2, two cases with the cell sizes of 
10×10×10 and 20× 20×20 were considered. In each of the supercells, only one pore was introduced 
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by manually removing 5% of atoms, in such a way that for every cerium atom two oxygen atoms 
are considered, to maintain the charge neutrality of the system. The supercell with vacancies are 
then made to relax keeping the cell volume same, and then MD calculations were carried out to 
evaluate the thermal conductivity of porous CeO2 (as explained in section 4.3.1). 
Fig. 4.8.a compares the experimental data to the predicted 𝑘𝐿 values of CeO2 using MD for a pure 
crystalline CeO2 (black dots) and porous CeO2 (red dots) modelled on a 20×20×20 supercell. The 
𝑘𝐿 values predicted for pure crystalline CeO2 are in reasonable agreement with the experimental 
data (orange square dots) provided by Khafizov et al. [171].  Due to the presence of pores, the 𝑘𝐿 
of the porous CeO2 is lower than the pure crystalline CeO2. However, we noted that 𝑘𝐿 values 
predicted for porous CeO2 is significantly dependent on the size of supercell considered. Even 
though the porosity was modelled the same way in both the supercells, the 𝑘𝐿 for the case of 
10×10×10 is considerably lower than the case of 20×20×20. The Fig. 4.8.b clearly shows that 
compared to the pure crystalline CeO2 at 300 K the 𝑘𝐿 predicted for a porous CeO2 on a 10×10×10 
supercell has reduced by 52%, whereas the same amount of porosity created on a 20×20×20 
supercell decreased the 𝑘𝐿 by 12%. The fact that the 𝑘𝐿 is significantly lower for the 10x10x10 
case and can be explained by the increased phonon scattering on the surface of the pores due to 
the decreased average distance between the pores, which directly can be compared to the mean 
free path of the phonons, as shown previously by Nichenko et al. [193]. 
To validate the theoretical predictions and further expand the quantitative understanding of the 
effect of porosity on thermal conductivity, the experiments were carried out on the specimens 
prepared by SPS technique. The pellets of CeO2 with varying densities were made by controlling 
the sintering parameters such as the sintering temperature, pressure, hold time, and the sintering 
atmosphere. The more detailed description of the sintering conditions and its effect on density and 
the microstructure of CeO2 are given in our previous work [194]. Therefore for brevity, discussions 
would be limited to the samples on which the thermal conductivity measurements were made. In 
this work, the experiments were performed on CeO2 pellets prepared at a sintering temperature of 
1000 oC and 1100 oC by maintaining the pressure and hold time at 50 MPa and 10 min respectively. 
However, for the benefit of the readers, it is important to note that as the sintering temperature 
increased (>1500 oC), the CeO2 reduced to Ce2O3. Moreover, in our previous work [194], it was 
observed that at a high sintering temperature (>1100 oC) and reductive atmosphere CeO2 exhibited 
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a range of stoichiometry and such non-stoichiometric oxide had been susceptible to chemical 
expansion [195] leading to the disintegration of the sintered pellets. It was for this reason that the 
experimental determination of thermal conductivity was limited to two samples sintered at 1000 
oC and 1100 oC.  
These sintered pellets were characterized using XRD for the determination of the phase, and the 
XRD patterns revealed that the pellet sintered at 1000 oC (green line) and 1100 oC (pink line) have 
a face-centred cubic crystal structure (as illustrated in S.1.5 (Fig. 4.16)). The density of CeO2 was 
measured using the Archimedes principle, and the density of these pellets sintered at 1000 oC and 
1100 oC were 70 % and 75 % respectively. As stated earlier in section 4.3.2, the thermal diffusivity 
can be determined using the Laser flash apparatus and Fig. 4.9 shows the variations of thermal 
diffusivity of these pellets as a function of temperature. Fig. 4.8.a and 4.9 respectively demonstrate 
that higher the density of the pellet, higher the thermal diffusivity and thermal conductivity. 
Moreover, we found that the density of the specimens played a vital role in the measured 𝑘𝐿 values 
(as shown in Fig. 4.8) at lower temperatures (< 1000 ℃), however, at a higher temperature, the 
difference is less significant.  
 
Fig. 4.9. The thermal diffusivity of CeO2 as a function of temperature for specimens sintered at 
1000 oC and 1100 oC. The uncertainty in the data point from the laser flash apparatus is ± 4.5%. 
4.4.6 Nanoscale size effect, cross-plane, and in-plane thermal conductivity 
CeO2 nanostructures like wires, films, porous and nanocrystalline materials find applications in 
energy conversion, sensors, and microelectronics where tailoring of thermal transport property is 
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essential. Moreover, a recent work evinces the capabilities of the ultra-thin CeO2 for oxygen 
storage [196].  It is established that the nanostructure surfaces significantly reduce the 𝑘𝐿 compared 
to its bulk counterpart, due to the scattering of the energy carriers. The interplay between the 
characteristic length and the bulk MFP of the energy carriers is the fundamental physics that 
determines the dominance of the boundary scattering. The size of the crystalline domain, therefore, 
acts as limiting length for phonons MFP. Pertaining to this context, a detailed quantitative 
understanding of the MFP of CeO2 is certainly advantageous.  
In Fig. 4.9 the dependence of normalized cumulative 𝑘𝐿 on phonon MFP at 300 K are presented. 
The normalized 𝑘𝐿 increases with the increase in MFP, with significant contributions to the 𝑘𝐿 of 
CeO2 coming from the phonons with MFP between 1 nm to 100 nm. The contribution of phonons 
mode to 𝑘𝐿 is uneven, and the phonons of MFP below 50 nm constitute 80% of 𝑘𝐿, indicating that 
curtailing the size below 50 nm can effectively reduce the 𝑘𝐿 of CeO2. Therefore, this grasp of the 
MFP of CeO2 will aid the selection of sample size (thickness for thin film, diameter for nanowires 
and nanoparticles) for diverse technological applications that require a notable deviation from bulk 
thermal properties.  
 
Fig. 4.10. Thermal conductivity accumulation as a function of phonon MFP at room temperature. 
To investigate the influence of nanostructuring on 𝑘𝐿 of CeO2, we demonstrate the thickness 
dependence in the cross-plane and in-plane 𝑘𝐿 of CeO2 along the (001) and (100) planes 
respectively at 300 K, as shown in Fig. 4.11.a.  For these predictions, we utilized almaBTE [84] a 
solver of the space-time dependent BTE for phonons in the structured material. The effective in-
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plane (∥) and cross-plane (⊥) thermal conductivity (keff) in relaxation time approximation for a 
film of thickness L are evaluated as:  
𝑘𝑒𝑓𝑓 (𝐿) = ∑𝑆𝑞(𝐿)𝐶𝑞 ∥ 𝑣𝑞 ∥∧𝑞 cos
2 𝜗𝑞
𝑞
 
 
(4.6) 
where S is, the suppression function that considers the additional phonon scattering instigated by 
the film boundaries, Cq is the mode contribution to the volumetric heat capacity, vq the group 
velocity, ∧𝑞 is the mean free path and 𝜗 is the angle between the group velocity and transport axis. 
The sum over q must be interpreted as the combination of a sum of branches and an average over 
the Brillouin zone. As anticipated, due to the boundary scattering the in-plane and cross-plane 𝑘𝐿 
of thin films reduced with the reduction in the thickness. If the thickness of CeO2 is slashed to 10 
nm, its cross-plane (in-plane) 𝑘𝐿  is only 4.96 (8.50) W/mK at 300 K. To verify the theoretical 
findings, we compared the results with experiment. It should be noted that theory predicts the 𝑘𝐿 
for the infinite two-dimensional CeO2 and therefore, the presence of defects would further scatter 
the phonons and reduce the 𝑘𝐿 of CeO2 films.  Khafizov et al. [171] reported 𝑘𝐿  of 7.2 W/mK, for 
a film of long columnar grain size structure with an average column radius of ~ 450 nm and the 
film thickness of 12 m. 
  
Fig. 4.11. (a). In-plane and cross-plane thermal conductivity of CeO2. (b) Cross-plane conductivity 
as a function of temperature. 
Here, the thickness of 12 m exceeds the condition that the characteristic size of CeO2 must be 50 
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nm to have a significant reduction in 𝑘𝐿.  However, our simulation predicts a 𝑘𝐿 of 13.0 W/mK for 
a thickness of 12 μm. The difference between theory and experiment can be primarily associated 
with the presence of defects and not to the effect of nanostructuring. Therefore, we can surmise 
that CeO2 thin films below ~50 nm with defects can reduce the 𝑘𝐿 drastically. Metal oxides 
generally have large Seebeck coefficient at high temperatures and hence can be considered as 
candidate materials for advanced thermoelectric.  
The coating of CeO2 on several alloys has improved the oxidation resistance and can be used in 
high-temperature applications in industries such as automobiles, aerospace and nuclear, where the 
knowledge of CeO2 cross-plane thermal conductivity as a function of coating thickness and 
temperature becomes vital. Therefore, in Fig. 4.11.b we have presented the effect of temperature 
on the 𝑘𝐿 of thin film and have observed that the 𝑘𝐿 for thin films reduces considerably with an 
increase in temperature.  The presented theoretical work can equip material scientists with vital 
information required for designing CeO2 thin films of optimal thickness that will aid in the design 
of experiments. 
4.5 Conclusion 
We have presented an extensive analysis of the 𝑘𝐿 of CeO2 both in its bulk and nanoforms. The 
theoretical predictions of 𝑘𝐿 using first principles unified with BTE not only provides an insight 
into the underlying physics of 𝑘𝐿 of CeO2 but also helps explain the large discrepancy in the 𝑘𝐿 
value of CeO2 reported previously. The structural and mechanical properties of CeO2 could be 
predicted with better precision by the recently developed pseudopotential with PBEsol functional 
than any other previously reported DFT calculations. The phonon dispersions spectra of CeO2 is 
evaluated by both direct approach and linear response approach and could describe its polar nature 
while aptly showing good agreement with the experiment. An investigation of the available three-
phonon scattering phase space and mode Grüneisen parameter of CeO2, reveals that the lower 𝑘𝐿 
of CeO2 is primarily due to increased scattering and strong anharmonicity respectively. Along with 
the theoretical investigation of 𝑘𝐿 and its dependence on temperature, we also predict the mode 
wise contribution to the total 𝑘𝐿 of CeO2. The analysis of mode wise 𝑘𝐿  of CeO2 indicated the 
notable contribution to the overall thermal conductivity from the optical modes (~30%), akin to 
UO2. Additionally, we prepared CeO2 pellets of varying density by SPS technique and measured 
the thermal conductivity of these pellets using laser flash technique. The experimental analysis of 
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the samples reveals the dependence of sintering parameters on the density of the CeO2 sample and 
its effect on its measured thermal conductivity. Moreover, we also conducted a theoretical study 
using the classical MD approach to corroborate the effect of porosity on thermal conductivity. 
Besides the detailed investigation of the thermal conductivity of CeO2 in its bulk form, this article 
also sheds light on the thermal transport property of nanostructured CeO2. We demonstrate the 
phonon MFP distribution of CeO2 is critical in the study of nanostructured materials and devices. 
The contribution of phonons modes to 𝑘𝐿 is uneven, and the phonons of MFP below 65 nm 
constitute 80 % of 𝑘𝐿, indicating that limiting the size below 65 nm can efficiently reduce the 𝑘𝐿 
of CeO2. The in-plane and cross-plane thermal conductivity of CeO2 thin film as a function of film 
thickness are also reported. These findings have an impact on heat dissipation in nanoelectronics 
and photonics, as well as the design of nanostructured thermoelectric materials with reduced 
thermal conductivity. To conclude, this work serves to moderate the existing ambiguity in the 
thermal conductivity value of CeO2 and provides practical information on CeO2 nanostructuring 
that will potentially meet the demands of numerous industrial applications. 
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4.6 Supplementary Informations 
S.I.4.1) Phonon dispersion curves of CeO2 for different qpoints.  
 
Fig. 4.12. Phonon dispersion with different q-points from DFPT. 
S.I.4.2) The convergence of kL with the number of iterations at 300 K. 
 
Fig. 4.13. The convergence of kL with number of iterations. 
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S.I.4.3) Low temperature kL of CeO2. 
 
Fig. 4.14. The kL of CeO2 at temperature lower than room temperature compared with the value 
predicted by Khafizov et al. [171] at 300 K using molecular dynamics (MD) calculations. 
S.I.4.4) Mode Grüneisen coefficient for different cases. 
Fig. 4.16.a shows the changes in mode Grüneisen coefficient (γqj) with different q-points 
considered while maintaining the other parameters such as the nearest neighbour atoms (n) and the 
number of grid planes along each axis (N) constant.   
Fig. 4.15. Mode Grüneisen coefficient (γqj ) (a) for different q points (b) for different nearest 
neighbours. 
 
(a) 
 
(b) 
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Similarly, Fig. 4.16.b depicts the variations in γqj with different neighbouring atoms considered in 
the third order force constant calculation keeping the q-points and the N-grid constant. Fig. 4.16.a 
indicates that the variations in γqj with respect to different q-points are not significant whereas, the 
selection of the number of nearest neighbouring atoms in the third order force constant has a 
considerable effect on the γqj of CeO2. 
S.I. 4.5) XRD peaks of CeO2 sintered at 1000 
oC and 1100 ℃. 
 
Fig. 4.16.  XRD peaks of CeO2 sintered at 1000 ℃ and 1100 ℃. 
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Chapter 5 : Thermal conductivity of bulk and nanowire of cubic-SiC from ab 
initio calculations 
5.0 Overview  
Bulk and nanoforms of SiC are considered as an additive in ceramic composite fuels to enhance 
the thermal conductivity. Therefore, it is essential to understand the thermal conductivity of SiC 
in its bulk and nanowire forms- a part of the second objective. This chapter discusses the abinitio 
prediction of the thermal conductivity of bulk and nanowire of cubic-SiC. Besides, we have also 
determined the structural, elastic, and thermodynamic properties of alpha-SiC using the DFT 
calculations.   
The research findings reported in this chapter have been published as manuscript #3 as follows: 
Linu Malakkal, Barbara Szpunar, Ravi Kiran Siripurapu, Jerzy A. Szpunar “Thermal conductivity 
of bulk and nanowire of cubic-SiC from ab initio calculations”, Computational material science 
vol. 128, pp. 249-256, 2017. The copyright permission to use this paper is provided in the 
Appendix D section. 
The contributions of the PhD candidate are 1) performing DFT simulations, 2) analyzing of the 
results; 3) writing the manuscript for publication. My supervisors reviewed the paper before it was 
submitted for publication in this journal. 
The differences between this chapter and the published paper are:  
1. The figures have been replotted to maintain the consistency with the figures of other 
chapters. 
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5.1 Abstract 
In this work, we predict the structural, elastic, thermal and thermodynamic properties of alpha-
silicon carbide (SiC) using the plane-wave pseudopotential approach to density functional theory 
(DFT) in the local density approximation (LDA). The lattice thermal conductivity of SiC is 
calculated using the Slack model and Boltzmann transport equation (BTE). We also provide the 
thermal conductivity of SiC nanowires and the dependence of the thermal conductivity on the 
diameter and their orientations. The ground state structural and elastic properties show excellent 
agreement with the experiments. The calculated phonon dispersion curve shows a good agreement 
with the experimental values measured at room temperature. The thermodynamic properties are 
studied using quasi-harmonic approximation (QHA), and the predicted properties agree well with 
the experiment. This study demonstrates the need for including the normal phonon scattering and 
boundary scattering to evaluate the thermal conductivities at low temperature and is evident from 
the fact that the thermal conductivity at low temperature predicted by the Slack model is higher 
compared to the value predicted by the BTE. Our BTE calculation for the bulk SiC agrees well 
with the known experimental results, and we also provide predictions for the case of SiC in the 
form of nanowires.  
5.2 Introduction 
The inherent properties of silicon carbide (SiC) have earned this ceramic material a wide range of 
industrial applications. The excellent mechanical, thermal, and chemical properties of SiC such as 
high stiffness, high hardness high mechanical strength at high temperature, high thermal 
conductivity, and resistance to oxidation made SiC a candidate for various application in nuclear 
industries [27,197]. After the Fukushima accident, the major focus of nuclear researchers has been 
the development of accident tolerant fuel (ATF). ATFs with high thermal conductivity can 
withstand the loss of coolant for a longer period. Currently, various materials with higher thermal 
conductivity are under consideration for improving the thermal properties of nuclear fuels. The 
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high thermal conductivity, high melting point, excellent chemical stability, low neutron cross-
section and low swelling rate [4] gives SiC a significant advantage in this regard. SiC can, 
therefore, be used to enhance the thermal conductivity of existing nuclear fuels. Currently, SiC 
composites [198] are being considered as replacements for existing cladding materials. SiC 
composite cladding may offer a significant advantage over the zirconium alloys in Gen IV nuclear 
reactors that often operate at much higher temperatures. Its remarkable properties such as low 
neutron absorption, excellent corrosion resistance, and strength retention at high temperatures, 
could enable the development of efficient fuel cladding systems [197]. Also, urania-SiC composite 
fuel will have significantly improved thermal conductivity, and that will allow lowering the 
temperature of the fuel and avoiding fast oxidation of Zr alloy and generation of hydrogen. Such 
fuel/cladding systems with higher thermal conductivity will decrease the temperature in the 
centerline of fuel pellet and reduce the temperature gradient in the fuel. That will allow reducing 
thermal stress and will increase the resistance of pellet to cracking and swelling.  
The potential applications of SiC composite at high-temperature warrants a more detailed 
examination of its thermo-mechanical properties. Some research groups have conducted 
experimental and simulation studies to understand the structural, electronic and thermodynamic 
properties of SiC [199–208]. However, our knowledge of the thermal conductivity of SiC at higher 
temperature is minimal. Recent reports that discuss the improvement in the strength of SiC 
composites by the addition of SiC nanowires is of particular interest because one-dimensional 
nanostructures used as nanoarchitecture in microelectronics have the potential to improve the 
thermal conductivity of SiC for nuclear and other applications. SiC nanowires are also of keen 
interest in mechanical applications [209]; the toughness of the nanocomposites is reported to 
double by the addition of SiC-nanowire into the SiC whisker-reinforced [210].  
In this article, we report the thermal conductivity of bulk and nanowire SiC up to its melting 
temperature, by solving BTE using ab initio calculations. We have used the Sheng-BTE software 
[83], a solver for phonon contribution to thermal conductivity. Additionally, the phonon 
contribution to thermal conductivity from BTE are compared with those predicted using the Slack 
model [172]. The thermo-mechanical properties required as input to the Slack equation are 
predicted using the first principle code Quantum ESPRESSO (QE) [73]. We employ an interface 
to QE, qe-nipy-advanced [74], developed in our group. Structural optimization was performed to 
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evaluate the ground state properties of SiC; QHA is used to compute the properties such as fixed 
volume heat capacity (𝐶𝑉), entropy (𝑆), and volume thermal expansion coefficient (𝛼𝑉) [211]. 
Further, the Slack equation has been applied to calculate the phonon contribution to thermal 
conductivity. We have also developed a FORTRAN code that accepts the inputs in a comma-
separated format and conveniently generates the phonons contribution to thermal conductivity as 
a function of temperature, in the same format. 
5.3 Methodology 
In this section, we briefly describe the methodology used to calculate the thermo-mechanical 
properties of cubic-SiC. In section 5.3.1, we discuss the calculation of ground-state structural and 
mechanical properties; in section 5.3.2, we discuss the lattice dynamics and describe the 
calculation of lattice-assisted properties within QHA. Finally, section 5.3.3 provides the 
explanation of thermal conductivity calculation with the Slack model method and the BTE. 
5.3.1 Calculation of ground states structural and mechanical properties 
Geometry optimization evaluates the structural properties at zero Kelvin temperature by 
minimizing the total energy by varying both cell parameter and atom positions. The ground state 
structural properties were also assessed using the Birch-Murnaghan equation of state [212]. The 
elastic constants were calculated using the stress-strain method [184,185]. From the elastic 
constants, the bulk modulus (𝐵), shear modulus (𝐺), Young’s modulus (𝑌), and Poisson’s ratio (𝜂) 
were determined using the Voigt-Reuss-Hill averaging scheme [186–188]. Because we are 
analyzing a cubic, polycrystalline structure, therefore the elastic moduli can be evaluated assuming 
an isotropic aggregate of grains with non-isotropic elastic properties. For a cubic symmetry, there 
are three independent elastic constants:𝐶11, 𝐶12, and 𝐶44. The bulk modulus for a cubic structure 
is the same for the Voigt, Reuss, and Hill averages, as shown in the equation (5.1).  
𝐵 =
1
3
(𝐶11 + 2𝐶12) 
 
(5.1) 
Equation (5.2) gives the shear modulus in the Voigt average: 
  𝐺𝑉 =
𝐶11 − 𝐶12 + 3𝐶44
5
 
 
(5.2) 
while equation (5.3) gives the Reuss average:  
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𝐺𝑅 =
(5(𝐶11 − 𝐶12)𝐶44)
4𝐶44 + 3(𝐶11 − 𝐶12)
 
 
(5.3) 
The arithmetic mean (Hill) 𝐺 = (𝐺𝑉 + 𝐺𝑅)/2 is taken as shear modulus. 
The Young’s modulus is calculated as: 
𝑌 =
9𝐵𝐺
3𝐵 + 𝐺
 
 
(5.4) 
The Poisson’s ratio is calculated as: 
𝜂 =
3𝐵 − 2𝐺
2(3𝐵 + 𝐺)
 
 
(5.5) 
5.3.2 Thermodynamic properties with quasi-harmonic approximation 
The phonon density of states is obtained using Density-Functional Perturbation Theory (DFPT) as 
implemented in QE [73]. With QHA, the vibrational energy (𝐹𝑣𝑖𝑏) can be evaluated from phonon 
at different volume [211]. Described below are the thermodynamic properties derived from 
phonons using QHA. 
(a) Thermal Expansion  
The Helmholtz free energy at volume 𝑉(𝑇) and temperature 𝑇 is a sum of the electronic energy 
(𝐸( 𝑉(𝑇), 𝑇) and vibrational energy (𝐹𝑣𝑖𝑏(𝑉(𝑇), 𝑇)) for a given volume 𝑉(𝑇) and   
temperature (𝑇):  
𝐹(𝑉(𝑇), 𝑇) = 𝐸(𝑉(𝑇)) + 𝐹𝑣𝑖𝑏(𝑉(𝑇), 𝑇) (5.6) 
We can neglect the electronic entropy for insulators. The vibrational Helmholtz free energy is 
calculated by evaluating the phonon density of states at different volumes and integrating the 
energy of phonons (ℏ𝜔) over the density of states (𝜌(𝜔)) and weighing it by the temperature-
dependent Boltzmann factor as described before [129]: 
𝐹𝑝ℎ(𝑉(𝑇), 𝑇) = 𝑘𝐵𝑇 ∫ 𝜌(𝜔) ln [2 sinh (
ℏ𝜔
2𝑘𝐵𝑇
)] 𝑑𝜔 
𝜔𝑚𝑎𝑥
𝜔𝑚𝑖𝑛
 
 
(5.7) 
where 𝑘𝐵 is the Boltzmann constant. The equilibrium volume at each temperature was calculated 
by fitting the free energy to the Birch-Murnaghan equation of state [212]: 
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𝐹(𝑉(𝑇), 𝑇) = 𝐹0(𝑇) +
𝐵0(𝑇)𝑉(𝑇)
𝐵0
′(𝑇)
 
[
 
 
 
 (
𝑉0(𝑇)
𝑉(𝑇)
)
𝐵𝑜
′  (𝑇)
𝐵0
′(𝑇) − 1
  + 1
]
 
 
 
 
−
𝐵0(𝑇)𝑉0(𝑇)
𝐵0
′(𝑇) − 1
 
 
 
(5.8) 
where 𝐹0(𝑇), 𝐵0(𝑇), and 𝐵𝑜
′(𝑇) are the values of the total free energy, bulk modulus and the first 
derivative of bulk modulus, for the equilibrium primitive unit cell volume 𝑉0(𝑇) respectively at 
the temperature 𝑇. The equilibrium lattice constant for the conventional unit cell was calculated at 
each temperature from the evaluated conventional unit cell volume (for a face-centered crystal 
structure four times larger than primitive volume) as: 
𝑎𝑐(𝑇) = (𝑉𝑜
𝑐(𝑇))
1
3 
    
(5.9) 
The linear and volumetric thermal expansion coefficients are related and therefore could be 
calculated from each other at constant pressure (𝑃) as follows: 
𝛼(𝑇)𝑝 =
1
𝐿(𝑇)
(
𝜕𝐿(𝑇)
𝜕𝑇
)
𝑝
=
1
3𝑉𝑜(𝑇)
 (
𝜕𝑉𝑜(𝑇)
𝜕𝑇
)
𝑝
 
 
(5.10) 
(b) Heat Capacity 
The 𝐶𝑉 and 𝑆 are calculated using equations (5.11) and (5.12) for fixed volume and constant 
pressure, respectively. 
𝐶𝑉(𝑇) = 𝑁𝐴𝑘𝐵 ∫       
(
ℏ𝜔
𝑘𝐵𝑇
)
 
2
 𝑒
(
ℏ𝜔
𝑘𝐵𝑇
)
[𝑒
(
ℏ𝜔
𝑘𝐵𝑇
)
− 1]2
 𝜌(𝜔)𝑑𝜔         
𝜔𝑚𝑎𝑥
𝜔𝑚𝑖𝑛
 
 
       
(5.11) 
𝑆 =  −𝑘𝐵 ∫ 𝜌(𝜔)
(
 
 
𝑙𝑛 (1 − 𝑒
 −
ℏ𝜔
𝑘𝐵𝑇 ) +
ℏ𝜔
𝑘𝐵𝑇 (1 − 𝑒
−
ℏ𝜔
𝑘𝐵𝑇)
)
 
 
𝑑𝜔
∞
0
 
 
 
 
(5.12) 
where 𝑁𝐴 is Avogadro’s number, kB is the Boltzmann constant and ρ(ω) is the density of states of 
phonons (with ħω energy) per primitive unit cell.  Note that 𝐶𝑉 remains constant at higher 
temperatures. The heat capacity at constant pressure 𝐶𝑝 is calculated from 𝐶𝑉 using equation (5.13) 
and is compared with available experimental data: 
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𝐶𝑃 = 𝐶𝑉 + 𝛼𝑉
2  𝐵(𝑇) 𝑉(𝑇)𝑇 (5.13) 
5.3.3 Thermal conductivity 
(a) Slack Model  
The lattice thermal conductivity (𝑘𝐿) of SiC is evaluated using the Slack model, according to 
equation (5.14): 
𝑘𝐿 =
𝐶𝜃(𝑇)3𝑀𝑀𝑉(𝑇)
1
3
(𝑛𝛾(𝑇))
2
𝑇
 
 
(5.14) 
 
Where 𝐶 is a constant, equal to 3.04×104 Wm-2K-1 g-1 mol and 𝑀𝑀 molar mass per primitive cell 
(40.1 g mol-1 for SiC) and 𝑉(𝑇) the volume of the primitive cell, but in cubic meters. 𝛾(𝑇) is the 
Grüneisen parameter and 𝜃(𝑇) is Debye temperature. The Grüneisen parameter is calculated using 
equation (5.15):  
𝛾(𝑇) =
3𝛼(𝑇)𝑉𝑀(𝑇)
𝐶𝑉(𝑇)𝛽(𝑇)
 
 
(5.15) 
 
Where 𝛼(𝑇), 𝑉𝑀(𝑇), 𝐶𝑉(𝑇), 𝛽(𝑇) are respectively linear thermal expansion coefficient, molar 
volume, the fixed volume heat capacity per mole and compressibility. Compressibility is 
calculated as the inverse of bulk modulus. Equation (5.16) gives Debye temperature (θ in K) within 
the isotropic approximation (in atomic units: 𝑚 = ħ = 𝑒 = 1), where 𝑀 is the mass, 𝑛 is the number 
of atoms per primitive cell (2 for SiC) with its volume 𝑉(𝑇) (calculated using 𝑎(𝑇) derived above) 
and 𝑓(𝜂(𝑇)) is the scaling function [211] calculated using equation (5.17):  
𝜃(𝑇) =
(6𝜋2𝑉(𝑇)
1
2𝑛)
1
3
𝑓(𝜂(𝑇))
𝑘𝐵(𝛽(𝑇)𝑀)
1
2
 
 
 
(5.16) 
 
where equation (5.5) evaluates the Poisson's ratio (𝜂(𝑇)) as a function of temperature using the 
calculated shear and Young moduli: 
𝑓(𝜂 (𝑇)) = 3
1
3 [2 (
2(1 + 𝜂 (𝑇))
3(1 − 2𝜂 (𝑇))
)
3
2
+ (
1 + 𝜂 (𝑇)
3(1 − ղ(𝑇))
)
3
2
]
−
1
3
 
 
 
(5.17) 
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(b)  Boltzmann Transport Equation (BTE) 
We have used ShengBTE a solver for BTE for phonons to evaluate the lattice thermal conductivity 
(𝑘𝐿) by combining first-principles techniques (QE) to obtain interatomic force constants. As used 
in the QHA, it is the second-order force constant (harmonic approximation), and in BTE, we also 
include the third-order force constant to take into account the anharmonic effect as well. In the 
approach implemented in ShengBTE, equation (2.21) gives the expression to compute the lattice 
thermal conductivity tensor [174]. At high temperatures, the phonon lifetime in crystals is 
determined by the phonon-phonon scattering.  A useful parameter that describes the phonon-
phonon scattering is the mode Grüneisen parameter given by equation (4.5). The harmonic mode 
Grüneisen parameter (𝛾𝑝(𝑞)|ℎ𝑎𝑟) can be obtained by the phonon frequency shift with respect to 
the volume by equation (5.19), where 𝑉0 is the equilibrium volume.   
𝛾𝑝(𝑞)|ℎ𝑎𝑟 = −(
𝑉𝑜
𝜔𝑝(𝑞)
)
𝜕𝜔𝑝(𝑞)
𝜕𝑉
 
 
 
(5.19) 
The average Grüneisen parameter with temperature is given by the equation (5.20) 
𝛾𝐴𝑣𝑒 =
1
𝐶𝑣
 ∑𝛾𝑝(𝑞)𝐶𝑣,𝑝(𝑞)
𝑝,𝑞
 
 
 
(5.20) 
Were 𝐶𝑣,𝑝(𝑞) is the mode heat capacity and  
𝐶𝑣 = ∑𝑘𝐵 [
ħ𝜔𝑝(𝑞)
𝑘𝐵𝑇
]
2
 
𝑝,𝑞
(
 
 𝑒
(ħ𝜔𝑝(𝑞))
𝑘𝐵𝑇
(𝑒
ħ𝜔𝑝(𝑞)
𝑘𝐵𝑇 − 1)
2
)
 
 
 
 
 
 
(5.21) 
Sheng BTE also provides the thermal conductivity of nanowires. As mentioned in the introduction, 
SiC nanowires are of substantial practical interest. To calculate the 𝑘𝐿 of nanowires, ShengBTE 
obtains numerical solutions to the linearized ab-initio Peierls-Boltzmann phonon transport 
equation (PBTE) [213]. The detailed description of the assumptions made to calculate the 𝑘𝐿 of 
the nanowire is described in detail elsewhere [214]. However, for the benefit of the reader, we 
discuss the key approach in calculating the thermal conductivity of nanowires. For the nanowires 
that are thick enough to include some unit cells in the transverse direction the phonon dispersion 
of the bulk material can be used whereas in the direction perpendicular to the nanowire, the phonon 
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lifetime becomes space-dependent due to the break in the translational symmetry. This additional 
space-dependent term in the BTE makes the solution computationally demanding. Therefore, Li 
et al. [83] developed an alternative approach in which the focus is in the longer direction, and 
removes the other two spatial degrees of freedom partially by using the cross-sectional averages. 
The boundary conditions to solve BTE has a specularity parameter to account for a fraction of 
incident phonon scattered specularly, but in this case, the phonon scattering is assumed as 
completely random (i.e. diffusive boundary conditions). Therefore, we obtain the solution of BTE 
in nanowires for the diffusive boundary conditions. Ref. [215] provides a detailed description of 
physics and workflow to solve BTE. 
5.4 Computational Details 
Calculations were performed using DFPT implemented in the Quantum ESPRESSO code. The 
pseudopotentials used were norm conserved, and the electronic exchange-correlation is described 
by local density approximation (LDA) with Perdew-Zunger parametrization. The geometry was 
optimized with the stress components less than 0.01 GPa. We obtained the total energy 
convergence using a Monkhorst-Pack sampling of 8×8×8 and the plane wave’s cut-off energy of 
150 Ry. The dynamical matrices for phonon density of states were calculated on a mesh of 5×5×5 
q-points in the irreducible Brillouin zone. QHA is used to investigate the thermodynamic 
properties. The thermal conductivity of SiC is predicted using a Slack model and BTE. A mesh of 
5×5×5 q-points was used to calculate the second-order interatomic force constants (IFCs) needed 
to compute the thermal conductivity of SiC. A supercell of 4×4×4 was used to obtain the third-
order IFCs. The force cut-off distance was set such that the interaction range is up to the third 
nearest neighbors. The BTE was then solved to obtain the thermal conductivity of bulk and 
nanowire of SiC.    
5.5 Results and Discussions.  
5.5.1. Structural and mechanical properties 
Table 5.1 shows the comparison of the calculated ground state structural and mechanical properties 
of cubic SiC with values obtained from the experiment [208]. The computed structural and 
mechanical properties of SiC within QHA at a temperature of 300 K, are also provided. The 
calculated lattice constant at 300 K agrees very well with experiment [208]. The single crystal 
stiffness constants of SiC calculated by using a stress-strain method with the help of the QE_nipy-
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advanced interface [184,185] also shows good agreement with the experiment. From the calculated 
stiffness constants, the polycrystalline properties such as bulk modulus, shear modulus, Young’s 
modulus and Poisson’s ratio are calculated using the Voigt-Reuss-Hill approach as described in 
Section 5.3.1. The calculated bulk modulus by EOS and elastic constants are 223 GPa and 221 
GPa, respectively and are in agreement with the experimental value of 224 GPa [208].  
Table 5.1. Structural and Mechanical Properties of cubic-SiC at 0 K and 300 K evaluated by QHA 
with experiments [208]. 
 
 
 
 
 
 
 
The melting temperatures of the solids can be obtained from the 𝐶11 elastic constant using an 
empirical relationship between 𝑇𝑚 and 𝐶11: 𝑇𝑚 = 553 + 5.91 𝐶11 with units of K for 𝑇𝑚 and GPa 
for 𝐶11 [216]. The estimated melting point of SiC (2900 K) is only 7% lesser than the experimental 
value obtained (3100 K). The structural and elastic properties of SiC predicted by the using LDA 
pseudopotential are also close to the experimental values. Since the agreement of calculated and 
experimental properties was exquisite, we have used the same LDA pseudopotential for the study 
of phonon dispersion and thermodynamic properties of SiC.  
5.5.2 Phonon Dispersion and Thermodynamic properties  
The phonon dispersion relations of SiC at its equilibrium volume along the high symmetric Γ-X- 
Γ-L directions are shown in Fig. 5.1.a. SiC has two (𝑛) atoms in its primitive unit cell and therefore 
has six phonon modes in the dispersion relations. There are three dimensions(𝑑 = 3), and thus 
three acoustic modes and 𝑑 (𝑛 − 1) = three optical modes. The calculated acoustic and optical 
modes are in excellent agreement with the experiment done by Serrano et al. [217] at room 
Properties LDA 
(0 K) 
LDA 
(300 K) 
Experiment [208] 
 
Lattice Parameter (Å) 4.3437 4.3558 4.36 
C11 (GPa) 397 388 390 
C12 (GPa) 136 131 142 
C44 (GPa) 275 267 256 
Bulk Modulus (B)  (GPa) 223 216 224 
Shear Modulus (G) (GPa) 203.9 199 192 
Young Modulus (Y) (GPa) 
Poisson ratio (η) 
468.8 
0.1496 
457 
0.1481 
448 
0.168 
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temperature using inelastic x-ray scattering (IXS) with the synchrotron radiation source. The Born 
effective charges (𝑍∗) of SiC using the LDA functional (𝑍𝑆𝑖
∗  = 2.71 and 𝑍𝐶
∗= -2.71) compares well 
with the experimental values of (𝑍𝑆𝑖
∗  = 2.69 and 𝑍𝐶
∗  = -2.69) [218]. The dielectric constant of SiC 
from our calculation is 6.88 and are in agreement with the experimental value of 6.52 [219].   
 
Fig. 5.1. (a) Phonon dispersion curve of the silicon carbide cubic structure. The solid lines show 
the theoretical prediction and the black dot are the experimental points measured by Serrano et al. 
[217] using IXS. (b) Shows the phonon density of states for SiC. 
The density of state plot in Fig. 5.1.b indicates that the phonon states are densely populated in the 
region around 750-800 cm-1. Similar behavior is shown by aluminum nitride another zinc blende 
structure [220]. The sharp peak in PDOS of SiC is due to the flat transverse optical branch. The 
accurate phonon dispersion relations allow us to predict the thermodynamic properties such as heat 
capacity at the fixed volume, entropy, and coefficient of linear thermal expansion correctly.  
5.5.3 Thermal Properties 
Section 5.3.2 and 5.3.3 describes calculating the thermodynamic properties using QHA and BTE, 
respectively. At relatively low temperatures and up to near to the Debye temperature of the 
material, the DFPT combined with QHA is a powerful method to predict the lattice assisted 
properties. Fig. 5.2.a clearly shows that the 𝐶𝑝 derived by equation (5.13) by both approaches are 
nearly the same and agrees well with experiment [221]. The coefficient of thermal expansion 
(CLTE) is an important design parameter for high-temperature structural applications. Fig. 5.2.b 
shows the CLTE of SiC as a function of temperature in comparison with the experimental data by 
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Taylor et al. [222] and a simulation work by Karch et al. [202]. Comparison of the results shows 
that the current CLTE and previously evaluated values [201] are in good agreement at a lower 
temperature below 600 K but less than the known experimental data by Taylor. However, our 
calculation agrees better with the experiments at high temperature compared to the previous DFT 
calculations. The entropy (calculated using equation (5.12) and shown in Fig. 5.2.c values are also 
in good agreement with the available experimental data from Barin [221]. 
 
Fig. 5.2. (a) Shows the comparison of Cp from QHA and BTE (using equation (5.13)) with 
experiment. (b) Comparison of CLTE from our QHA calculation with experiment and previous 
DFT calculation (c) Entropy of SiC compared with the experiment from Barin [221]. 
Debye temperature of SiC as a function of temperature is shown in Fig. 5.3.a. The experimental 
value of Debye temperature of cubic SiC is 1200 K at room temperature, and the value predicted 
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by this calculation is 1180 K. The Grüneisen coefficient (𝛾) is an important parameter that any 
model of thermal conductivity needs to consider. This parameter is the measure of anharmonicity 
of material. As shown in Fig. 5.3.b, we calculated the 𝛾 as a function of temperature using both 
the QHA and BTE. The γ values from QHA and BTE vary between 0.92-0.97 and between 0.78-
0.79 respectively for a temperature range between 1200-2500 K. At high temperatures, the 
deviation of the 𝛾 value is small, and hence, in the case of SiC, we can neglect the anharmonicity 
at high temperature.     
 
Fig. 5.3. (a) Debye temperature as a function of temperature (b) Grüneisen coefficient as a function 
of temperature using QHA and BTE. 
5.5.4 Lattice Thermal Conductivity 
Fig. 5.4.a shows that the 𝑘𝐿 predicted by BTE is in good agreement with the experiment done by 
Taylor et al. [222]. The previous theoretical work by Spargavina [223] that uses experimental 
data’s to solve BTE and a fully abinitio calculation at low temperature by Lindsay et al. [224] 
serves as validation to our 𝑘𝐿 results at high temperature. In Fig. 5.4.b we compare SiC thermal 
conductivity calculated using both Slack model and BTE. At relatively low temperatures below 
the Debye temperature (1200 K) the Slack method predicts higher 𝑘𝐿 compared to that observed 
from BTE calculation and the experiment. The high value of 𝑘𝐿 at low temperature is because 
Slack method does not consider the boundary scattering and quasi-momentum conserving (normal 
process), which is dominant at low temperatures. The Slack model predictions are better at a 
relatively high temperature near to the Debye temperature where the non-quasi-momentum 
conserving three-phonons scattering (umklapp process) is dominant. We get the right prediction 
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for overall temperature range using BTE because it takes into account the boundary scattering, 
normal process, and the umklapp process. We have extrapolated our calculation up to the melting 
point temperature because as shown in Fig. 5.3.b Grüneisen coefficient does not vary at high 
temperatures. Therefore, we can conclude that the high-temperature 𝑘𝐿 provided here is 
complementary data in the design of accident tolerant nuclear fuels. 
 
Fig. 5.4. Thermal conductivity of SiC (a) Comparison of BTE with other simulation and 
experiment [222] (b) Comparison of our work between BTE and Slack (c) inverse fit of kL as 
obtained from this work and previous theoretical expression from experiments [208]. 
Theoretically, the 𝑘𝐿 of SiC is expressed as a function of [𝑎 + 𝑏𝑇]
−1 with constants 𝑎 and 𝑏. In 
Fig. 5.4.c, we plot 𝑘𝐿 obtained from the theoretical expression of 𝑘𝐿 = [7.66 × 10
−12  +  8.73 ×
 10−6 𝑇]−1 from the simulated values of 𝑘𝐿 using BTE and compare with the previously derived 
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inverse fit calculated from an experimental single crystal SiC data above 300 K [208] (𝑘𝐿 =
[−0.0003 + 1.05 ×  10−5 𝑇]−1). The inverse fit from the simulated value and the experiments 
compare well; however, the previously reported expression uses a non-physical negative value for 
a parameter associated with phonon scattering on defects. The high-temperature conductivity is 
also known as a minimal thermal conductivity can be evaluated from inverse fit or using Young's 
modulus (equation. 5.4) and Clark’s model [225] from the equation: 𝑘min =
0.87 𝑘𝐵 𝑁𝐴
2
3
 
 𝑀− 
2
3 𝑚
2
3 𝑌
1
2 𝜌
1
6  where 𝜌 is the density, 𝑀 refers to the molar mass, 𝑚 is the total 
number of atoms per formula, 𝑁𝐴 is the Avogadro’s constant, 𝑘𝐵 is the Boltzmann’s constant. This 
calculated value of 3.01 W/mK compares well with the previously reported value of 3 W/mK 
[225]. However, this value is one order of magnitude smaller than that predicted by simulation and 
the inverse correlation between the previous experimental data. Therefore, we recommend further 
experiments to verify the minimal thermal conductivity of SiC. 
 
Fig. 5.5. Thermal conductivity of SiC nanowires (a) dependence of thermal conductivity on the 
diameter of nanowires all for [111] orientations (b) dependence of thermal conductivity on 
orientations of nanowires.   
The nanostructures of some high 𝑘𝐿 materials like silicon and diamond are previously reported 
[226,227], and it would be interesting to know how the thermal conductivity of SiC nanowires 
depends on the size and the orientation of the nanowire. Therefore, in this study, we investigated 
cylindrical NWs with diameters above 10 nm in the temperature range of 300-1000 K, in the [111], 
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[001], [011] crystallographic orientations. Our results for SiC nanowires indicate that 𝑘𝐿 is 
significantly reduced compared to its bulk value (Fig. 5.5.a).  
For instance, at 200 nm, the 𝑘𝐿 is reduced to 57% compared to the bulk value, whereas in the case 
of Si nanowire, the reduction was reported as 43% [214]. The significant decrease of 𝑘𝐿 of SiC 
nanowire indicates that the boundary scattering effect 𝑘𝐿  considerably more in SiC than in Si. The 
lower thermal conductivity of nanowires compared to bulk materials are attributed to the following 
facts; decrease in the mean free paths of the phonons due to surface scattering of a large fraction 
of surface atoms, the modifications in the phonon group velocity and scattering mechanism due to 
the change in phonon spectrum in one-dimensional structure. 
The increase in phonon-phonon interaction due to the reduction of size also cause an increase in 
the thermal resistance, thereby reducing 𝑘𝐿 [226,227]. Fig. 5.5.b shows the calculated 𝑘𝐿 of SiC 
nanowires for three different orientations [111], [110] and [111]. The result shows that 𝑘𝐿 is 10% 
higher in the [111] direction compared to the [110] and [001] direction. This indicates that the 
[111] is of importance for SiC nanowires in high-temperature applications. This variation in the 
thermal conductivity of nanowire on its orientation attributes to the anisotropic phonon dispersion 
[226]. Our calculation is awaiting the experimental validation. However, the quantitative 
understanding of the size and orientation dependence of thermal conductivity could provide design 
and fabrication criteria for making nanoscale devices and for other structural applications. 
5.6 Conclusion  
In conclusion, the thermal conductivity of SiC cubic phase, in bulk and nanowire form, using ab 
initio approach has been calculated. The existing experimental results for bulk SiC cubic phase 
compares well with these estimated values. The CLTE calculated using QHA is in excellent 
agreement with the experiments and are considerably more accurate than the previous DFT 
calculations. The calculation of thermal conductivity by two different approaches (Slack versus 
BTE) clearly indicates that the normal process and the boundary scattering are significant effects 
at the temperatures below 1200 K. New theoretical correlation for thermal conductivity of SiC is 
derived. The thermal conductivity of SiC nanowires displayed a dependence on diameter and 
crystal orientation. Although previous studies are describing the synthesis and mechanical 
properties of nanowires, this study contributes towards a better understanding of the thermal 
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conductivity of SiC nanowires. Furthermore, the work presented in this article may be used to 
guide experimental work on any future investigations of thermal conductivity of nanowires.  
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Chapter 6 : Thermal conductivity of wurtzite and zinc blende cubic phases of 
BeO from ab initio calculations 
6.0 Overview  
This chapter covers the latter part of the second objective of the thesis in finding the influence of 
structure on the thermo-mechanical properties and the thermal conductivity of the additive material 
BeO using DFT. Beryllium oxide is another candidate material considered as an additive in nuclear 
fuel to enhance the thermal conductivity. BeO is found in its wurtzite structure, and the thermal 
conductivity is expected to be anisotropic. Therefore, it is important to determine the extent of 
anisotropy in BeO. Hence, in this chapter, the directional dependence of the thermal conductivity 
of w-BeO is explored. Also, this chapter sheds light into the structural, mechanical, thermal and 
thermodynamic properties of Beryllium oxide (BeO) in the zinc blende (ZB) and wurtzite (WZ).  
The research findings reported in this chapter have been published as manuscript #4 as follows:  
L. Malakkal, B. Szpunar, R.K. Siripurapu, J. Zuniga, J.A. Szpunar; “Thermal conductivity of 
wurtzite and zinc-blende cubic phases of BeO from ab initio calculations”; published in Solid-
State Sciences Vol. 65 pp.79-87 (2017). The copyright permission to use this paper is provided in 
Appendix E  
The contributions of the PhD candidate are 1) performing DFT simulations, 2) analyzing of the 
results; 3) writing the manuscript for publication. My supervisors reviewed the paper before it was 
submitted for publication in this journal. 
The differences between this chapter and the published paper are:  
1. The equations that describe the calculations of thermodynamics properties with QHA has 
been removed from this chapter to avoid repetition. These equations can be found in 
chapter 5 of the thesis. 
2. The figures have been replotted to maintain the consistency with the figures of other 
chapters. 
3. The references of the manuscript are listed at the end of this thesis.  
4. The description of lattice thermal conductivity is removed as this portion is explained in 
section 2.1.8 
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Thermal conductivity of wurtzite and zinc blende cubic phases of BeO from 
ab initio calculations 
Linu Malakkal1, Barbara Szpunar2, Ravi Kiran Siripurapu1, Juan Carlos Zuniga3, Jerzy A. 
Szpunar1 
1Department of Mechanical Engineering, University of Saskatchewan,  
2Department of Physics and Engineering Physics, University of Saskatchewan,  
3Information and Communications Technology, Research Computing, University of 
Saskatchewan. 
6.1 Abstract 
The structural, mechanical, thermal and thermodynamic properties of Beryllium oxide (BeO) in 
the zinc blende (ZB) and wurtzite (WZ) form have been calculated using the density functional 
theory (DFT) in the general gradient approximation (GGA). The ground state structural and elastic 
properties of w-BeO are calculated using the new GGA ultrasoft pseudopotentials for solids 
(PBEsol); the simulated results have shown excellent agreement with the experiments. The 
thermodynamic properties are studied using quasi-harmonic approximation (QHA), and the 
predicted properties agree well with the experiment for the WZ phase. Both the Boltzmann 
transport equation (BTE) and Slack model were used to calculate the lattice thermal conductivity 
of wurtzite BeO (w-BeO). Furthermore, the thermal conductivity along the crystallographic ‘a’ 
and ‘c’ axis is investigated using BTE. Our calculation of w-BeO agrees well with the available 
experimental measurements. Apart from these studies on w-BeO, we have also compared the 
mechanical, structural and phonon dispersions of z-BeO with previously reported theoretical 
studies. Additionally, we report the volume thermal expansion and the heat capacity at a constant 
pressure of z-BeO for the first time and the bulk thermal conductivity of zinc blende BeO (z-BeO) 
using BTE.   
6.2 Introduction 
BeO owes its uniqueness to its excellent mechanical, thermal and chemical properties compared 
to other alkali metals in this series. The wide range industrial usage of this ceramic material is due 
to its high stiffness, hardness, mechanical strength, thermal conductivity and resistance to 
oxidation. In the nuclear industry, BeO finds application as a moderator and as an additive in the 
recently proposed accident tolerant nuclear fuel [4]. The composite fuel (UO2-BeO) [23] is 
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expected to have significantly improved thermal conductivity allowing for the lowering of fuel 
temperature by avoiding fast oxidation of Zr alloy cladding and generation of hydrogen. Such 
composite fuels with higher thermal conductivity enhance heat dissipation hence decreasing the 
temperature in the centerline of fuel pellet and reducing the temperature gradient. The faster heat 
dissipation also reduces the thermal stress, preventing the cracking and increasing the longevity of 
the pellet. Additionally, BeO also finds application in developing semiconductor devices, in rocket 
engines and as a filler in thermal interfaces.  
BeO crystallizes in the wurtzite (WZ), cubic zinc blende (ZB) and tetragonal structures. The 
structural [228], mechanical [228], optical [229], electronic [230], thermodynamics [231] and 
thermal conductivity [78, 231–233] of the most stable wurtzite BeO (w-BeO) form has been 
studied by various groups. However, it is noted that no sufficient investigations have been 
conducted to understand the properties of w-BeO at high-temperatures. The room temperature w-
BeO transforms into zinc-blende BeO (z-BeO) structure at 91 GPa. Theoretical calculations of the 
ZB-phase are limited to the structural, elastic, electronic and phonon properties [234]. Apart from 
the thermal conductivity prediction at low temperature by Li et al. [235], no other reports are 
available describing the thermal properties in literature. The results presented in this article is 
focusing on the thermal properties and thermal conductivities of ZB phase, despite the lack of 
experimental validation.     
Among the phases of BeO, the wurtzite form is perhaps the most studied. In general, computational 
methods using DFT are widely used to predict the properties of the materials with good accuracy. 
Previous first principles calculations [236–238] investigated the structural, electronic and 
mechanical properties of w-BeO. Munima et al. [239] presented a detailed description of the 
phonon dispersion relations of w-BeO using first principles. Urszula [240], Luo et al. [241] and 
Song et al. [242] studied the thermodynamic properties using quasi-harmonic approximation 
(QHA) [211]. All the previous calculations used local density approximation (LDA) and 
generalized gradient approximation (GGA-Perdew Burke Ernzerhof (PBE)) [240] as the 
exchange-correlation function. The DFT calculation using LDA tend to over-bind and 
underestimate the lattice parameter, and the GGA-PBE functional had the opposite effect. To 
overcome the limitation of the LDA and GGA-PBE methods in the previous study, we employ the 
GGA- PBEsol functional developed for the solid phase (PBEsol) [139].  
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Moreover, all earlier attempts to describe the thermal conductivity of w-BeO using simulations 
[235,243] were limited to lower temperatures. We also noted that the calculated thermal 
conductivity of w-BeO using Slack model was four times smaller than the measured value at room 
temperature [33]. The lack of thermal conductivity data at high-temperature, the scattered 
experimental thermal conductivity values, and possible applications of w-BeO in this range of 
temperature warrants a more detailed examination of thermal conductivity of w-BeO. We have 
used the Sheng-BTE software [83], to calculate phonon contribution to thermal conductivity and 
is compared with the predicted lattice thermal conductivity using the Slack model [172]. The main 
aim of the present study is to describe the thermal conductivity and thermodynamic properties of 
w-BeO and z-BeO at temperatures up to 1500 K by solving BTE and QHA using ab initio 
calculations. The directional dependence of thermal conductivity is also analyzed for w-BeO. 
6.3 Methodology 
For wurtzite symmetry, the specific elastic constants are 𝐶11, 𝐶12, 𝐶13, 𝐶33, 𝐶44, and 𝐶66. Among 
the six-stiffness constant only the first five are independent whereas 𝐶66 is the average difference 
of 𝐶11 and 𝐶12. The bulk modulus for the Reuss (𝐵𝑅), Voigt (𝐵𝑉), and Hill (𝐵𝐻) average is shown 
in equation (6.1), (6.2) and (6.3) respectively. 
𝐵𝑅 =
𝐶33(𝐶11 + 𝐶12) − (2𝐶13
2 )
𝐶11 + 𝐶12 − 4𝐶13 + 2𝐶33
 
 
(6.1) 
𝐵𝑉 =
2
9
 ( 𝐶11 + 𝐶12 + 2𝐶13 + 0.5C33) 
 
(6.2) 
𝐵𝐻 =
(𝐵𝑅 + 𝐵𝑉)
2
 
 
(6.3) 
Equations (6.4), (6.5) and (6.6) gives the shear modulus for the wurtzite structure in the Reuss 
(𝐺R), Voigt (𝐺𝑉), and Hill (𝐺𝐻) approximations. 
𝐺R =
2.5((C11 + 𝐶12)𝐶33 − 2𝐶12
2 )(𝐶55C66)
{3𝐵𝑉𝐶55𝐶66 + [(C11 + 𝐶12)𝐶33 − 2𝐶12
2 ](𝐶55 + 𝐶66)} 
 
     
(6.4) 
𝐺𝑉 = (
1
30
) (𝐶11 + 𝐶12 + 2𝐶33 − 4𝐶13 + 12𝐶44 + 12𝐶66) 
 
(6.5) 
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𝐺𝐻 = (
1
2
) (𝐺𝑅 + 𝐺𝑉) 
 
(6.6) 
Further, the Young’s modulus (Y) and the Poisson ratio (𝜂) are calculated using equation (5.4) 
and (5.5), respectively.   
The equilibrium lattice constant for the conventional unit cell was calculated at each temperature 
from the evaluated conventional unit cell volume as shown in equation (6.7). Iwanaga et al. [244] 
showed that ‘𝑐/𝑎’ ratio variation as a function of temperature is small and therefore, an assumption 
that ‘𝑐/𝑎’ ratio remains constant is made to derive the equation (6.7). 
𝑎𝑐(𝑇) = (
𝑉𝑜
𝑐(𝑇)
 (
𝑐
𝑎) ∗ 𝑠𝑖𝑛60
)
1
3
 
 
 
 
(6.7) 
The expression to calculate the volumetric thermal expansion coefficient (𝛼𝑉) at constant pressure 
(𝑃) is given by equation (6.8). 
𝛼𝑉(𝑇)𝑝 =
1
𝑉𝑜(𝑇)
 (
𝜕𝑉𝑜(𝑇)
𝜕𝑇
)
𝑝
 
 
(6.8) 
6.4 Computational Details 
First-principles QE code which implements QHA within DFPT [86] and a plane-wave-
pseudopotential framework have been used to calculate structural, mechanical, lattice dynamics 
and thermodynamic properties of BeO. The exchange-correlation functional GGA was treated in 
PBEsol (new pseudopotentials functional for solids) [139] parametrization. Vanderbilt-type 
ultrasoft pseudopotentials [245] provided by QE database were used for both Be and O atoms. The 
total energy convergence of the w-BeO and z-BeO structures were obtained using a kinetic energy 
cutoff of 75 Ry and the Brillouin zone integration over a Monkhorst-Pack of 8×8×5 mesh and 
8×8×8 mesh respectively. Since we used the ultrasoft pseudopotentials [245], we need an 
augmented charge around the ion core. Hence the kinetic energy cutoff of plane wave’s basis 
describing charge density was taken twelve times the energy cutoff of the used wave functions. 
The dynamical matrices for phonon density of states of w-BeO and z-BeO were calculated on a 
mesh of 6×6×4 and 6×6×6 q-points in the irreducible Brillouin zone respectively.  The QHA [211] 
is used to investigate the thermodynamic properties [17].  We estimated 𝑘𝐿 of w-BeO and z-BeO 
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using the ShengBTE code [83], and we considered a supercell of 4×4×4 to calculate the third-order 
interatomic force constants (IFCs) for w-BeO and a supercell of 5×5×5 for z-BeO solving BTE. 
The force cutoff distance was set such that the interaction range is up to the five nearest neighbors 
for w-BeO and three nearest neighbors for z-BeO. A mesh of 6×6×4 q-points and 6×6×6 q-points 
was used to calculate the second-order IFCs needed to compute the 𝑘𝐿 of w-BeO and z-BeO 
respectively.   
6.5 Results and Discussions 
6.5.1 Ground state structural and mechanical properties 
The w-BeO has two formula units per unit cell and belongs to the space group of P63mc (186). 
The ground state (0 K) property of a wurtzite structure is obtained by minimizing the total energy 
with respect to the lattice parameters (‘a’ and ‘c/a’) and internal parameter u. Table 6.1. lists the 
calculated lattice parameters with the values from the previous DFT calculations and the 
experiment. The predicted lattice parameter along the a axis and the c/a ratio at room temperature 
(2.712 Å,1.623 Å) shows excellent agreement with the experimental data (2.698 Å,1.622 Å) 
reported by Hazen et al. [228]. We also noticed that the new PBEsol ultra-soft pseudopotentials 
computed the lattice parameters more accurately than previously reported literature values using 
projected augmented wave (PAW) method with LDA correlation (PAW-LDA) [241], GGA 
correlation (PAW-GGA) [242], and Perdew-Burke-Ernzerhof (PBE) method (PBE-GGA) [240]. 
In fact, our own calculation of structural parameters of w-BeO using PAW compared less 
favorably to the values obtained from PBEsol (this work). Note that previously reported results of 
calculations are at 0 K while the experimental data are at room temperature (~300 K). 
Table 6.1. Structural properties of w-BeO compared with previous DFT calculations and the 
experiment [228]. 
Lattice Parameters 
 
This work 
(PBEsol) 
(0 K) 
Other calc. 
(PAW-LDA) 
(0 K) [241] 
Other calc. 
(PAW-GGA) 
(0 K) [242] 
Other calc. 
(PBE) 
(0 K) [240] 
Exp. 
(300 K) 
[228] 
a (Å) 2.6985 2.665 2.712 2.706 2.698 
c (Å) 4.3812 4.329 4.404 4.392 4.376 
u 0.378 0.378 0.3778 0.378 0.378 
c/a 1.623 1.624 1.624 1.624 1.622 
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The elastic constant is an important parameter that provides information on various properties of 
a material such as stiffness, strength, mechanical stability, hardness, and ductility or brittleness of 
materials [146]. In this work, we calculated the single-crystal stiffness constants of w-BeO by 
using a stress-strain method [184,185] with the help of the qe-nipy-advanced [74] interface. Table 
4.2. lists the calculated stiffness constants and compares them with the previous calculations 
[239,246] and experiments [228,247,248].  
Table 6.2. Mechanical properties (in GPa) of w-BeO compared with previous simulations and 
experiments. Here USP is ultrasoft pseudopotential and PW is Perdew-Wang method. 
 
Properties 
This 
work 
(PBEsol) 
(0 K) 
This 
work 
(PBEsol) 
(300 K) 
Other calc. 
(USP-GGA) 
(0 K) 
 [246] 
Other calc. 
(USP-PW-91) 
(0 K) 
[239] 
Exp. 
(300 K) 
[247] 
Exp. 
(300 K) 
[248] 
Exp. 
(300 K) 
[228] 
B 215.6 207.5 204 206.8 244 224 212±3 
C11 414 393 439.1 424.7 470 461  
C12 162 157 105 125.3 168 126.5  
C13 77 75 72 75.8 119 88.5  
C33 498.6 469 463 474.2 494 491.6  
C44 142.5 135 142 159.4 153 147.7  
C66 125.7 118 167 149.7 152 167.0  
G 158 149   159 165  
Y 382 361   393 397  
η .207 .209    .249  
 
The elastic constants for a mechanically stable hexagonal structure should satisfy the following 
Born’s mechanical stability criteria [147] 𝐶11 > 𝐶12, 2𝐶13
2 < 𝐶33(𝐶11 + 𝐶12), 𝐶44 > 0, 𝐶66 > 0. 
The listed elastic constants have satisfied all of these criteria, indicating that the system is 
mechanically stable. From the calculated elastic constants, the polycrystalline bulk modulus (𝐵), 
shear modulus (𝐺), Young’s modulus (𝑌) and Poisson’s ratio (𝜂) are determined using the Voigt-
Reuss-Hill approach as described in section 6.3. Alternatively, the bulk modulus can also be 
calculated by Birch-Murnaghan [212] equation of states (EOS). The bulk modulus values at 0 K 
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from the EOS and elastic constants are 215.6 GPa and 218 GPa, respectively and are in excellent 
agreement with the experimental value of 212 ± 3 GPa [228] at 300 K.  
The z-BeO belongs to a space group of F-43m (space group No: 216) with Be and O atoms located 
at the positions (0, 0, 0) and (1/4, 1/4, 1/4) respectively. The calculated lattice parameter (𝑎), bulk 
modulus (𝐵), elastic constants (𝐶11, 𝐶12, and 𝐶44) and the first derivative of bulk modulus (𝐵
′) for 
the z-BeO are listed in Table 6.3. Although experimental values have not been reported in the 
literature for the z-BeO till date, our structural and mechanical properties are in good agreement 
with the previous theoretical works [234,249]. Furthermore, previously unreported values for shear 
modulus (𝐺), Young modulus (𝑌) and the Poisson ratio (𝜂) of z-BeO are reported here for the 
first time. 
Table 6.3. Predicted structural parameters and mechanical properties of z-BeO. The obtained 
results are compared with previous theoretical calculations. Here PZ is Perdew-Zunger method. 
 
Properties 
This work 
(PBEsol) 
(0 K) 
This work 
(PBEsol) 
(300 K) 
GGA (PBE) 
[234] 
 (0 K) 
LDA(PZ) 
[249] 
 (0 K) 
a (Å) 3.8067 3.8257 3.80 3.7264 
B (GPa) 215 206 206 228 
C11 (GPa) 342 326 342 
 
C12 (GPa) 155 146 139 
 
C44 (GPa) 224 212 217 
 
𝐵𝑜
′  3.73 - 3.65 
 
G (GPa) 151 150   
Y (GPa) 365 363   
η 0.207 0.206   
 
The Born mechanical stability requirement of the cubic crystal lead to following restrictions on 
the elastic constants: 𝐶11 > 0, 𝐶44 > 0, 𝐶11 − 𝐶12 > 0, and 𝐶11 + 2𝐶12 > 0. Our calculated elastic 
constants are shown in Table 6.3. satisfies these conditions ensuring that the z-BeO is mechanically 
stable. Using QHA, we also include adiabatic elastic constants of z-BeO evaluated at temperature 
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300 K. Accurate determination of stiffness constants is critical to ensure accuracy in prediction of 
the lattice dynamics of materials. The stiffness constant of w-BeO and z-BeO predicted using 
PBEsol ultrasoft pseudopotential are in reasonable agreement with previous experiments and 
theoretical calculations. Hence, we have used PBEsol pseudopotential for the study of phonon 
dispersion and thermodynamic properties of BeO. 
6.5.2 Phonon Dispersion 
The characteristic phonon vibrational spectra of any material are considered as its unique 
fingerprint. The frequency of vibration is the measure of the bond stiffness. Therefore, knowledge 
of phonon dispersion in the entire Brillouin zone (𝛤 − 𝐾 − 𝑀 − 𝛤 − 𝐴 − 𝐿 − 𝑀 − 𝐾 − 𝐻 − 𝐴 for 
wurtzite structure) is vital for further investigation of properties such as phonon-assisted 
photoemission,  thermodynamic properties, thermal expansion, and thermal conductivity. 
Moreover, phonon spectra can also influence the behavior of electron carriers through electron-
phonon interaction. Therefore, the understanding of the phonon dispersion of material is a 
necessity. BeO has four (𝑛) atoms in its primitive unit cell and therefore has twelve phonon modes 
in the dispersion relations. There are three dimensions(𝑑 = 3), and thus three acoustic modes and 
𝑑 (𝑛 − 1) = 𝑛𝑖𝑛𝑒 optical modes. Group theory predicts six Raman active lattice phonons, near 
the center of the BZ: which includes a branch with phonon polarization in the uniaxial direction 
(𝐴1), a doubly degenerate branch with phonon polarization in the plane perpendicular to the 
uniaxial direction(𝐸1), and two doubly degenerate (𝐸2) branches. The 𝐴1 and 𝐸1 phonons are also 
infrared active while 𝐸2 is only Raman active [239]. We also calculated the phonon density of 
states that includes all the phonons over the entire Brillouin zone needed to estimate the phonon-
assisted properties. 
Fig. 6.1.a shows the phonon dispersion relations of BeO at its equilibrium volume along the high 
symmetric 𝛤 − 𝐾 − 𝑀 − 𝛤 directions. The calculated acoustic and optical modes are in good 
agreement with the experiment done by Bosak A, et al. [250] at room temperature using inelastic 
x-ray scattering with synchrotron radiation source. Table 6.4. shows the comparison of the 
calculated Raman active optical phonon modes at the Brillouin zone center (𝛤 point) using the new 
PBEsol ultrasoft pseudopotential with the previous DFT calculations [240,241] that were made 
using GGA-PBE and LDA. The comparison clearly indicates that apart from the slightly 
underestimated (<5%) optical mode E2 (1) all other optical modes are in excellent agreement with 
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the experiment. We also observed that PBEsol ultrasoft pseudopotential captured the optical modes 
better than the previous DFT calculations. The Born effective charges (𝑍∗) tensor of BeO in the 
basal plane and the direction perpendicular to basal plane (c direction) for the PBEsol ultrasoft 
pseudopotential is 𝑍𝐵𝑒
∗  = (1.79, 1.85) and 𝑍𝑂
∗ = (-1.79, -1.85) which are in close agreement with the 
experimental values of ǀ𝑍∗ǀ = 1.85; [251]. The components of dielectric tensor in the basal plane 
is 3.108 and 3.17 in the c direction, which is comparable with experiment values of 2.95 and 2.99 
in the basal plane and in c direction, respectively [229].  
 
Fig. 6.1. (a) Phonon dispersion curve of the w-BeO structure. The solid lines show the theoretical 
prediction and the black dot are the experimental points measured by Bosak A et al. [250] using 
IXS. (b) Total phonon density of states (PDOS) of BeO. 
The total phonon density of states (PDOS) plot in Fig. 6.1.b clearly shows that the phonon states 
are densely populated in the region around 680-730 cm-1. The sharp peak in PDOS of BeO is due 
to the flat transverse optical branch. The gap in the phonon density of the state is a characteristic 
feature of w-BeO compared to the continuous phonon density of states of the other alkaline earth 
oxides (CaO, MgO, and SrO) [252]. The phonon dispersion relations of z-BeO at its equilibrium 
volume along the high symmetric 𝛤 − 𝑋 − 𝛤 − 𝐿 directions and the phonon density of states 
(PDOS) are shown in Fig.6.2. The z-BeO has two atoms and therefore has six phonon modes in 
the dispersion relations. 
Out of the six modes, three are acoustic modes and three are optical modes. To the best of our 
knowledge, there are no experimental data available to validate our results. However, we observed 
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that our zone center frequencies of longitudinal optical (LO) and transverse optical (TO) modes to 
be 32.2 and 21.6 THz are in agreement with 31.8 and 20.5 THz, respectively with the theoretical 
work done by Duman et al. [234]. We also observed a pronounced maximum in the PDOS similar 
to the work of Duman et al. and this pronounced peak is attributed to the reduced amount of 
dispersion of TO branch compared to the LO branch, and the minimum gap in the PDOS we 
observed is 2 THz compared to 2.4 THz of Duman et al.  
Table 6.4. Comparison of the Raman active optical mode frequencies (in cm-1) at the Brillouin 
zone center (Γ point) of w-BeO with the experiment data [250] and previous DFT calculations 
[240,241] 
Mode US-GGA, 
PBE [241] 
US-LDA, 
PZ [241] 
US-GGA 
Vanderbilt [240] 
Exp. 
[250] 
PBEsol 
(This Work) 
 
E2(1) 329.71 329.89 336.9 337.3 321.6 
A1(TO) 658.89 717.79 650.4 678 689.1 
E2(2) 658.75 720.6 656.4 683 701 
E1(TO) 699.5 757.35 697.5 722.7 732.9 
A1(LO) 1092.42 1092.42 1127.1 1080.6 1082.2 
E1(LO) 1061.79 1104.62 1152.4 1095.6 1082.2 
 
 
Fig. 6.2. (a) Phonon dispersion curve of the z-BeO structure. The solid lines show the theoretical 
prediction. (b) Total phonon density of states (PDOS) of z-BeO. 
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Compared to the w-BeO, the Born effective charges (Z*) of the z-BeO is isotropic owing to its 
cubic structure. Moreover, charges on Be and O differ only by sign due to its charge neutrality. 
The 𝑍∗of the z-BeO using the PBEsol ultrasoft pseudopotential is 1.79 and is in excellent 
agreement with the available theoretical calculation of 1.81. The dielectric constant of BeO from 
our calculation is 3.14 and is in agreement with the theoretical value of 3.09 from Duman et al. 
The accurate phonon dispersion relations, of w-BeO with experiment and the z-BeO with the 
previous theoretical work has given us the confidence to calculate the phonon-assisted properties 
such as heat capacity at the fixed volume (𝐶𝑉) and volume thermal expansion (𝛼𝑉). 
6.5.3 Phonon transport properties  
Section 5.3.2 describes the calculation of the thermodynamic properties using QHA. At relatively 
low temperatures near the Debye temperature of the material, the DFPT combined with QHA is a 
powerful method to predict the lattice assisted properties. The volume thermal expansion, a 
significant design parameter for high-temperature structural applications, is computed. Fig. 6.3.a 
shows the volume as a function of the temperature of w-BeO in comparison with the experimental 
data by Hazen et al.  [228].  
 
Fig. 6.3. (a) Shows the comparison of change of volume as a function of temperature with the 
experiment by Hazen et al. [228]. Inset of Fig. (a) shows the volume thermal expansion by QHA. 
(b) shows the heat capacity as a function of temperature compared with the experimental values 
by Victor et al. [231]. 
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Comparison of the results shows that the volume of w-BeO is in good agreement with the 
experiment with an error of less than 2%. The calculated average value of volume thermal 
expansion (𝛼𝑉) between 300 K to 1200 K is 2.26 x 10
-5 K-1 and is comparable to the experimental 
value of the αv of 2.66 x 10-5 K-1 [228]. The new PBEsol ultrasoft pseudopotential has 
underestimated the 𝛼𝑉 compared to the value obtained from the previous DFT calculation using 
GGA (PBE) potential  (3.04 x 10-5 K-1) [253]. Since w-BeO has a hexagonal structure, the thermal 
expansion coefficient normal to the c direction (𝛼+)and parallel to the c direction (𝛼||) is different 
(i.e. material is anisotropic). However, Iwanaga et al. [244] have shown that the anisotropy in 
thermal expansion is small (α+/α|| =1.11). The available experimental thermal expansion coefficient 
(α+/α||) at temperature 300 K and 700 K are 5.99/5.35 and 8.62/7.79, respectively [254]. As the 
anisotropic variation for w-BeO is small, we assumed that the coefficient of linear thermal 
expansion (CLTE) is isotropic to evaluate the Grunesein parameter and the thermal conductivity 
by using Slack model.  
At a temperature, greater than 1500 K the 𝛼𝑉 calculated (shown in the inset of Fig. 6.3.a) using the 
PBEsol pseudopotential displayed a non-linear behavior. However, experimentally it was 
demonstrated by Anderson [255] that the 𝛼𝑉 should increase linearly with temperature.  
  
Fig. 6.4. (a) Shows the volume thermal expansion (αv) by QHA for z-BeO. (b) Illustrates the heat 
capacity at constant pressure (Cp) as a function of temperature. 
Fig. 6.3.b clearly indicates that the 𝐶𝑃 derived by equation 5.13 agrees well with the experiment 
[231] up to 1500 K. However, at a temperature above 1500 K, the calculated Cp values deviated 
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from the experimental results. This perhaps indicates the failure of QHA at temperatures above 
Debye temperature, and the need to consider the anharmonic effects due to phonon-phonon 
interaction for the w-BeO structure. The experimental value of the Debye temperature of w-BeO 
is 1280 K at room temperature and the value predicted by this calculation is 1220 K. In Fig. 6.4. 
a, We illustrate the 𝛼𝑉   and 𝐶𝑃 as a function of temperature for the z-BeO. Unfortunately, we do 
not have any previous experimental and theoretical values for comparison. Hence, these data can 
serve as a reference for the experimentalists. 
6.6 Lattice Thermal Conductivity  
For the realization of the practical applications mentioned in the introduction, it is essential to have 
a better understanding of the 𝑘𝐿 of w-BeO at high temperature. The available experimental data 
are scattered, and the previous simulations by Li et al. [235] and Yu et al. [243] are limited to a 
lower temperature (<500 K). As explained earlier, the anharmonicity becomes necessary at a 
temperature greater than 1500 K, a factor which has limited the calculation of 𝑘𝐿  of BeO at 
temperatures higher than 1500 K using Slack method and BTE. In Fig. 6.5.a the 𝑘𝐿 predicted by 
BTE and Slack method are compared with the experiment done by Takahashi et al. [233], Slack 
et al. [78], and Francle et al. [256]. The 𝑘𝐿  predicted by BTE at the lower temperature are in 
excellent agreement with the experiment, however, at a higher temperature, the 𝑘𝐿 values are 
greater than the available experimental values and represent the upper limit of 𝑘𝐿. The difference 
in theoretical and experimental 𝑘𝐿 can be attributed to the porosity of the tested samples, the 
impurities, and the sintering technique used. The Slack model predictions are better at a relatively 
high temperature near to the Debye temperature, where the non-quasi-momentum conserving 
three-phonons scattering (Umklapp process) is dominant.  
The previous theoretical attempt to find 𝑘𝐿 by Slack [128] estimated a value of 90 W/mK at 300 
K, which is four times lower than the experimental value of 370 W/mK. The scrutiny of the results 
indicates that the discrepancy in predicted 𝑘𝐿  of w-BeO arose from incorrect Grüneisen coefficient 
(γ). It is known that low thermal conductivity in crystalline structure occurs from strong 
anharmonicity in bonding. γ, the measure of anharmonicity of a structure [175] also indicates the 
relationship between phonon frequency and crystal volume changes. To resolve this divergence of 
𝑘𝐿 in BeO we calculated the γ from our thermal expansion data and compared this value with the 
value previously reported by Slack [128]. The Slack value of γ =1.38 was calculated based on the 
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overestimated linear thermal expansion data [257] and was almost twice as high as any other 
wurtzite structure (CaO, ZnO, GaN, AlN, and SiC). Therefore the thermal conductivity calculated 
previously [33] (indicated in Fig. 6.5.a by pink square) was lower by a factor of four. Our 
prediction of γ values of 0.83 calculated from the predicted thermal expansion is closer to values 
obtained with materials having a wurtzite structure (0.7).  
 
Fig. 6.5. (a) Thermal conductivity of w-BeO compared to experiment [78,233,256] (b) The 
anisotropy in kL of w-BeO. 
By using the calculated thermal expansion data from our work (Fig. 6.2.a), the Slack method 
predicted 𝑘𝐿 at 300 K has a value of 250 W/mK. Although this new value is much better than the 
previously reported value of 90 W/mK [128], it is still lower than both the experimental and 
simulated BTE values (370 W/mK). This underestimation of 𝑘𝐿 can be explained by considering 
the effect of inaccurate estimation of γ in the Slack equation. 𝑘𝐿 is inversely proportional to the 
square of γ, which in turn is directly proportional to the thermal expansion coefficient 𝛼𝑉 and 
therefore any small variation in γ can have drastic effects on 𝑘𝐿. Analytically, the 𝑘𝐿can be 
expressed as a function of [a+bT]-1 with constants a and b, and we provide here the fitted values 
of a and b for possible future applications. The value of constants ‘a’ and ‘b’ for w-BeO calculated 
from the more accurate 𝑘𝐿 obtained by solving BTE are 6.81 x 10
-12 and 1.0 x 10-5, respectively. 
In the case of the wurtzite phase, 𝑘𝐿 is slightly anisotropic since the out of the plane 𝑘𝐿  not equal 
to the inplane 𝑘𝐿. However, the 𝑘𝐿 calculated along a and b axes are the same. Fig. 6.5.b shows 
the anisotropy in the 𝑘𝐿 value of w-BeO and the inset of Fig. 6.5.b shows the kc/ka changes as a 
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function of temperature. The average ratio kc/ka (where kc is 𝑘𝐿 along ‘c’ axes, and ka is 𝑘𝐿 in ‘a’ 
axes) over the temperature range of 500 K to 1000 K is 1.045. This small anisotropy in 𝑘𝐿 of w-
BeO is in agreement with the experimental 𝑘𝐿  results reported in [78]. A similar low value of 
anisotropy is also noted in the experimentally observed values for thermal expansion of w-BeO 
[254]. 
As mentioned earlier, the article also discusses the 𝑘𝐿 for ZB phase of BeO. Fig. 6.6 shows the 
calculated 𝑘𝐿 as a function of temperature for z-BeO and compares the 𝑘𝐿  from relaxation time 
approximation (RTA). Even though RTA incorrectly treats the normal phonon-phonon scattering 
process (N-scattering) as resistive, it is generally considered as a good approximation for various 
materials. However, in the case of z-BeO, the difference between the RTA and the exact solution 
is 25% at lower temperatures such as 300 K, suggesting that RTA may not be a good approximation 
for z-BeO in these temperature ranges. The big difference between the full solution and RTA in 
materials with high 𝑘𝐿 (such as BeO) is due to the higher contribution of low-frequency acoustic 
phonons, which typically contribute more to N-scattering than the non-quasi-momentum 
conserving three-phonons scattering (U-scattering). The full BTE solution corrects for this 
inaccuracy of RTA in systems with a larger 𝑘𝐿. 
 
Fig. 6.6. Lattice thermal conductivity of z-BeO the black line shows the exact solution and the red 
line illustrates the kL from RTA. 
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Comparison of 𝑘𝐿  for WZ and ZB phases of BeO clearly indicates that z-BeO has a greater 𝑘𝐿 than 
the w-BeO. The 𝑘𝐿 values at a temperature of 300 K for z-BeO and w-BeO are 417 W/mK and 
370 W/mK respectively. Though the greater value for z-BeO is consistent with the results of W.Li 
and N.Mingo [235], our theoretical prediction at 300 K is lower (417 W/mK compared to 475 
W/mK). We are unable to generate a satisfactory explanation for this aberration, based on our 
limited knowledge of the parameters used by W. Li and N. Mingo, this finding may eventually be 
required to be validated experimentally. 
6.7 Conclusion 
In conclusion, the structural, mechanical, phonons, phonon-assisted thermal properties and thermal 
conductivity of BeO in the WZ and ZB phase using ab initio approach has been calculated. The 
existing experimental results for w-BeO compares well with the calculated values. We also 
predicted the anisotropic variation kc/ka ratio as a function of temperature and found the anisotropy 
to be small, which is in agreement with the experimental results. We also demonstrated that the 
structural, mechanical and phonon dispersion of w-BeO are well captured by PBEsol. Other 
properties such as the αv of w-BeO calculated using QHA is slightly underestimated compared to 
the experiments and are considerably more accurate than the overestimated previous DFT 
calculations. We have also shown that this difference in αv has affected γ, which influence the 𝑘𝐿 
with the Slack model.  Moreover, we have observed that the z-BeO is a better thermal conductor 
than the WZ phase, which may find interesting applications, especially in areas involving thermal 
management. The higher thermal conductivity of z-BeO and its difference with the previous 
theoretical value warrants a future experimental investigation. 
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Chapter 7 : The effect of SPS processing parameters on the microstructure 
and thermal conductivity of ThO2 
7.0 Overview 
One of the main problems with the thorium fuel cycle is the requirement of high sintering 
temperature and the need for sintering aids to produce a high density ThO2 fuel pellets using 
conventional sintering techniques. Therefore, the third objective of this work has been to overcome 
the limitations of the non-conventional sintering technique by analyzing the effect of SPS 
processing parameters on the densification, microstructure, and the thermal conductivity of ThO2. 
Thus, this chapter realizes the third objective of the thesis.  
The research findings reported in this chapter have been published as manuscript #5 as follows:  
L. Malakkal, A. Prasad, J. Ranasinghe, E. Jossou, D. Oladimeji, B. Szpunar, L. Bichler, J. Szpunar; 
“The effect of SPS processing parameter on the microstructure and thermal conductivity of ThO2”; 
published in Journal of Nuclear Materials Vol.527, 151811 (2019). The copyright permission to 
use this paper is provided in Appendix E. 
The contributions of the PhD candidate are 1) Preparing and performing the samples for 
characterization such as XRD, SEM, Raman, and EBSD 2) measuring of thermal conductivity 
using Laser flash apparatus, 3) analyzing of the results, 4) writing the manuscript for publication. 
My supervisors reviewed the manuscript before it was submitted for publication in this journal. 
The differences between the content of this chapter and the published paper are:  
1. The equations to determine the thermal diffusivity and the thermal conductivity using the 
laser flash apparatus has been removed to avoid repetition, and the reader is referred to the 
equation 2.28 and 2.28 in chapter 2.  
2. The references of the manuscript are listed at the end of this thesis.  
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The effect of SPS processing parameters on the microstructure and 
thermal conductivity of ThO2 
  Linu Malakkal1, Anil Prasad2, Jayangani Ranasinghe3, Ericmoore Jossou1, Dotun Oladimeji3, 
Barbara Szpunar3, Lukas Bichler2, Jerzy Szpunar1 
1Department of Mechanical Engineering, University of Saskatchewan, Canada 
2School of Engineering University of British Columbia-Okanagan Kelowna, Canada 
3Department of Physics and Engineering Physics, University of Saskatchewan, Canada 
7.1 Abstract 
Thorium dioxide (ThO2), is a nuclear fuel that is expected to play a vital role in the Generation IV 
nuclear reactors. One of the challenges to implementation of thoria for the fuel cycle has been the 
difficulty in fabricating dense pellets via conventional sintering techniques. In this study, the non-
conventional sintering of thoria using spark plasma sintering (SPS) was explored. A systematic 
investigation into the influence of processing parameters on the densification, microstructure, grain 
size and thermal conductivity of ThO2 is presented. The range of sintering temperature, pressure, 
and hold time has been systematically varied between 1500–1800 oC, 50‒70 MPa and 5‒15 m, 
respectively. The results revealed that without the help of any sintering aid, pellets with a relative 
density of 95% theoretical density (TD) were fabricated at a sintering temperature of 1600 oC, 
sintering pressure of 50 MPa and a hold time of 10 min. Furthermore, the characterization of these 
specimens clearly indicates that by carefully selecting the processing parameters, the density, 
microstructure, grain size and the thermal conductivity of ThO2 can be suitably controlled. This 
study shows that the use of the SPS technique can potentially solve one of the primary concerns in 
the front end of the thoria fuel cycle. 
7.2 Introduction 
Thorium dioxide (ThO2) is proposed to play an essential role in the nuclear power industry and is 
considered a better and safer alternative to the currently used nuclear fuel – Uranium dioxide (UO2) 
[50,51]. There has been a renewed interest in ThO2 fuel because of its many inherent advantages. 
ThO2 has better thermo-physical properties, such as a higher melting point, higher thermal 
conductivity and a lower coefficient of thermal expansion [51]. ThO2 is also relatively inert and 
does not oxidize and has a higher resistance to radiation damage than UO2  [51]. The fission product 
release rate for ThO2–based fuels is one order of magnitude lower than in the case of UO2 [51]. 
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Moreover, ThO2 is more proliferation-resistant and produces less transuranic elements than 
uranium-based fuels [51]. In addition, the stock of civil plutonium could be significantly decreased 
by using mixed thorium plutonium oxide fuel in light water nuclear reactor [47,61,134]. Thorium 
is also suited for other reactor types such as the Chinese HTR-10 [258], heavy water CANDU 
configuration [52], India’s advanced heavy water reactor (AHWR) [49], molten fluoride salt 
design and helium-cooled TRISO-fueled systems [47]. Even though there are several advantages, 
there are also challenges both in the initial and the final stages of the thorium fuel cycle. The main 
problems to be addressed in the back end of the thorium fuel cycle is the high gamma radiation 
associated with daughter product 232U and the inability of ThO2 to dissolve in nitric acid. This 
issue of handling the irradiated and spent fuel can be resolved by developing better reprocessing 
and fabrication techniques [51]. Whereas, the main difficulty in the front end of the thorium fuel 
cycle is associated with the production of dense ThO2 pellets by conventional sintering techniques. 
Since the melting point of ThO2 is (3378 ± 17 
oC [259]) is higher than the UO2 (2847 ± 30 
oC 
[260]), it is essential to have a very high sintering temperature ( >2000 oC) [51] and sintering time 
to fabricate a dense pellet of ThO2 via conventional sintering techniques. 
In the literature, sufficient details regarding the conventional sintering of ThO2 are available. For 
example, Curtis and Johnson [261] have shown that cold pressing and isostatic pressing of ThO2, 
could produce pellets of density 73% theoretical density (TD) and 86% TD, respectively, by 
maintaining a sintering temperature of 1800 oC and a dwell time of 8 hrs. They also explored the 
effect of additives on sintering of ThO2 and discovered that adding CaO and CaF2 increased the 
density of ThO2 to 97% TD at 1800 
oC. Another study [262], clearly indicates that addition of 
suitable additives such as MgO, N2O5 resulted in lowering the sintering temperature to as low as 
1150 oC, but the additives often resulted in the creation of point defects due to the difference in 
the valency of the cations. Kang et al. [263] produced pellets of ThO2 and (Th,U)O2 with a density 
ranging from 94 to 98% TD using wet-milled powder sintering at 1700 oC. Shiratori et al. [264] 
ball-milled thoria powder derived from the oxalate process for 24 hrs and prepared high density 
(98% TD) ThO2 pellets at a low temperature of 1550 
oC. All these studies showed that although 
significant progress has been made in conventional sintering of ThO2, sintering by the traditional 
methods still has the limitations such as very long processing time, elaborate sample preparation 
and high sintering temperature.  
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In the case of UO2, many researchers have pursued sintering by non-conventional methods, such 
as inductive hot pressing [265], microwave sintering [266], pressure less induction heating [267], 
flash sintering [268] and spark plasma sintering (SPS) [269]. Among these techniques, SPS has 
become a popular sintering method for consolidation of powders, and Ge et al. [269] has studied 
in details the effect of SPS process parameters on the densification, microstructure, grain size and 
thermal conductivity of UO2. The feasibility of SPS for the production of commercial-grade fuel 
pellet has been explored by Timothy et al. [270] but warranted the need for further improvements 
in the die-design configurations and tooling materials for large-scale production. Several studies 
[271,272] have been carried out to overcome these limitations. For example, Papynov et al. [271] 
explored the use of the non-standard molybdenum die instead of standard graphite die for the 
production of highly dense UO2 pellets of the required quality. Besides, researchers such as Muta 
et al. [273,274], Scott et al. [275], Saoudi et al. [122] and Balice et al. [276] have fabricated the 
mixed oxides pellets via SPS route. The studies related to the use of non-conventional techniques 
in the fabrication of ThO2 pellets are limited to the work done by Tyrpekl et al. [277] who 
illustrated that the sintering onset temperature could be lowered by using nanocrystalline ThO2 
powder. The final densities of the pellets Tyrpekl produced using nanocrystalline powder were 
above 95% TD, whereas the pellet made from commercial powder had a density of only 85%. 
However, the work on SPS sintering of the commercial ThO2 by Tyrpekl was limited only to a 
sintering condition of 1600 oC, 70 MPa with a holding time of 10 min. Therefore, in this work, we 
carried out a systematic study to determine the influence of processing parameter on the density, 
microstructure, grain size and thermal conductivity on ThO2 sintered from a non-nanocrystalline 
powder by considering a broad range of sintering temperatures, pressures and hold time.  
7.3 Experimental procedure   
7.3.1 Starting powder  
IBILABS, U.S.A. supplied the commercial ThO2 powder with a purity of 99.8%. The powder was 
characterized by the x-ray diffraction (XRD) and scanning electron microscopy (SEM). The 
powder XRD (compared well with JCPDS file 042-1462) revealed a single-phase face-centered 
cubic structure with the lattice parameter of 5.60 Å. Apart from the peaks corresponding to that of 
ThO2, a small peak at 34° was also observed in the XRD plots, and this can be attributed to the 
thallium oxide, an impurity present in the as-received powder. The SEM micrograph of the 
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commercial powder (Fig. 7.1.a) indicates that the thoria particles had a square-shaped morphology, 
and the size ranged between 1 μm – 6 μm.  
 
Fig. 7.1. (a) SEM image of the as-received thoria powder (b) SPS sintered ThO2 (94.6±0.04% TD) 
pellets of diameter 12.7 mm × 3 mm thickness. The pellet was sintered at a temperature of 1600 
oC, the pressure of 50 MPa and a hold time of 10 min. 
7.3.2 SPS sintering of ThO2 powder   
The as-received ThO2 powder was sintered in an argon atmosphere using a Thermal Technology 
LLC 10-3 Spark Plasma Sintering (SPS) system located at the University of British Columbia 
(Kelowna, BC). The starting powder was loaded into a graphite die of internal diameter 12.7 mm. 
A thin grafoil (0.125 mm) was used at the graphite tooling – powder interfaces to prevent friction 
and reaction between ThO2 and the graphite tooling. A filled die was placed inside the SPS 
chamber with a carbon sleeve around it. The carbon sleeve was used to reduce radiation heat loss 
at high temperatures. The sintering temperature during the experiment was monitored using an 
optical pyrometer. The in-situ applied uniaxial pressure, temperature, chamber pressure, current 
and voltage were continually recorded as a function of time by a data acquisition unit. The sintering 
process was controlled by a Eurotherm controller, which was programmed using iTools software.  
For each sintering experiment, the temperature was ramped from room temperature to 600 oC at a 
heating rate of 30 oC/min. The pressure was maintained at 5 MPa, and the system was allowed to 
reach equilibrium at 600 ºC for 15 s. After that, the heating rate was increased to 100 °C/min, and 
the die was heated to the desired maximum sintering temperature, which ranged from 1500 °C to 
1800 °C. Furthermore, the pressure was ramped to the desired sintering pressure, which ranged 
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between 30 – 70 MPa. The pressure ramp rate was coupled to the heating rate to reach the peak 
temperature and pressure at the same time. Three different hold times at sintering temperature were 
considered: 5 min, 10 min and 15 min. After sintering at the desired temperature was completed, 
a constant cooling rate of 200 oC/min and pressure ramp down rate of 20 MPa/min was used for 
all experiments. After cooling, the die was removed from the chamber, and the pellet was ejected 
from the graphite tooling.  
7.3.3 Characterization methods 
The sintered pellets were ground flat using 500-grit sandpaper, which also helped to remove the 
residual graphite foil. The polished specimens were characterized using techniques such as X-ray 
Diffraction (XRD), Raman spectroscopy, Scanning Electron Microscopy (SEM), Electron Back 
Scattered Diffraction (EBSD) and Laser Flash Apparatus (LFA). The XRD patterns were recorded 
using Bruker D8 Discover with chromium K radiation at room temperature. The 2 angle was 
scanned from 20 to 110 with a step size of 0.01 and a scanning time of 600 sec per step. The 
X’pert High Score Plus software was used to fit the peak profile. Renishaw 2000 Raman 
microscope was used to obtain Raman spectra. The laser source had a wavelength of 514 nm. The 
scattered light was dispersed with a grating of 1800 
1
𝑚𝑚
and was collected by the Renishaw CCD 
camera. An objective lens of 100x was used, and the exposure time was set to 10 seconds with 4 
accumulation.  
The Archimedes’ method (Torbal density measurement kit) was used to determine the density of 
each pellet by immersing the pellets into a distilled water at room temperature. Five readings were 
recorded for each specimen, and the average and standard error were calculated. The samples were 
subsequently polished to a mirror finish by grinding the pellets with silicon carbide (SiC) papers 
starting with a grain size of 46 μm and gradually bringing down to 5 μm. After polishing with the 
SiC paper, the samples were polished using 3 μm MD mol cloth with 3 μm MD mol suspension, 
and 1 μm MD nap cloth with 1 μm MD nap suspension. The microstructural and textural studies 
using SEM and EBSD on the polished specimens was carried out with a SU 6600 field emission-
scanning electron microscope.  
Thermal diffusivity measurements of samples were carried out using the LFA (TA instruments-
DLF-1/EM-1300). This instrument used a high-power laser pulse (450 μs pulse width) from a 
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solid-state Nd: glass laser pulse source to illuminate the front face of the sample, while the resulting 
temperature rise was recorded on the rear face of the sample with liquid-nitrogen cooled InSb 
infrared detector. The samples used in this study were disc-shaped and measured ~12.7 mm in 
diameter and had the thickness in the range of 2 mm to 3 mm. The sample thickness was 
determined by averaging 5 values measured using a calibrated micrometer. The standard deviation 
of the average thickness was less than 0.02 mm. The samples were coated with a graphite spray 
for better absorption and emissivity of the laser flash. The measurements were conducted in an 
argon atmosphere starting from room temperature to 900 K. By measuring the time taken for the 
temperature rise in the rear face, the thermal diffusivity (α) of the specimens was determined using 
the Parkers relation [111] as expressed in equation (2.28). From the measured α, the thermal 
conductivity as a function of temperature (k (T)) was calculated using equation (2.29). The 
variation of density due to the thermal expansion and the Cp was calculated using the model derived 
for thermal linear expansion data by Bakker et al. [114] for ThO2.  
7.4 Results and Discussions  
7.4.1 Structural characterization using X-ray Diffraction (XRD) and Raman study  
Fig. 7.2.a compares the XRD patterns of the as-received ThO2 powder and the pellets of ThO2 
sintered at 1600 oC. The XRD peaks of the powder and sintered pellet matched with the joint 
committee on powder diffraction standards (JCPDS) file NO: 042-1462, indicating a cubic crystal 
structure with a lattice parameter of 5.60 Å. It is also evident from the diffractogram that no 
reaction product or intermetallic compounds were formed during the SPS process. For brevity, the 
XRD analysis of all other samples considered in this work is provided in the supplementary 
information (S.I) as S.I.7.1 Fig. 7.12. The Raman analysis further confirmed the observations made 
by XRD. Fig. 7.2.b shows the Raman spectra of the powder and the sintered pellet of ThO2. Both 
the spectra are similar and are dominated by the strong band at 466 cm-1 corresponding’s to the 
well-known Raman features for the spectrum of a fluorite structure. The T2g mode corresponds to 
the stretching motion of the eight oxygen atoms around each Th atom. The behavior of this mode 
in ThO2 is similar to what has been observed in the literature [122].  
The other peaks at 934 cm-1 and 1134 cm-1 in the spectrum correspond to the 2ωR (the Raman 
frequency at the center of the Brillouin zone frequency) and 2ωLO as observed by Ishigame et al. 
[278]. The peak between the 2ωR and 2ωLO at 1030 cm-1 and 1055 cm-1 can be attributed to the 
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overtone of optical phonon 𝑀5
′  at the zone boundary M (M and L are the symmetry point in the 
Brillouin zone). 
 
Fig. 7.2. (a) Comparison of the X-ray diffraction of the sintered ThO2 pellets with that of the as-
received powder (b) comparison of the Raman spectra of sintered pellets of ThO2 compared to the 
powder used for sintering. 
Moreover, the peak at 754 cm-1 is considered to arise from combinations 𝑀5
′ + 𝑀3
′  and 2L3, and 
the band at 381 cm-1 (𝑀1 + 𝑀5) and 876 cm
-1 ( 𝐿1 + 𝐿3) is ascribed to the frequency summation 
of the optical modes at the zone boundary L and M respectively [278]. The notations representing 
different phonons of ThO2 are similar to the work done by Ishigame et al. [278]. The XRD and 
Raman analyses indicate that SPS can be effectively used to produce ThO2 pellet (Fig. 7.2.b) with 
equal purity of that of the starting material in short times, using an as-received powder without the 
formation of any reaction products. However, for the samples sintered at high temperature (>1700 
oC), a slight gradient of color from white to grey has been observed indicating a reduced oxygen 
stoichiometry, similarly as reported for ThO2 [277,279–281] and ZrO2 [282]. 
7.4.2 Density measurement  
The density of fuel plays an important role in the performance of nuclear fuel. The nuclear fuel 
pellet with a desired density is not only expected to accommodate the fission gas release but also 
to avoid the possible in-reactor shrinkage that can occur with a low-density fuel [283]. As 
mentioned in the introduction section, one of the primary objectives of this work was to lower the 
sintering temperature and time, while achieving the desired density of 95% TD of Thoria. The 
effect of various sintering parameters on the density of the fuel pellets is presented in Fig. 7.3.  
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Fig. 7.3. The influence of (a) temperature (b) hold time and (c) pressure on the density of the 
sintered pellets. 
Fig. 7.3.a illustrates the pellet density as a function of sintering temperature. The sintering 
temperature was varied between 1500 oC to 1800 oC (at 100 oC increments) keeping all other 
sintering conditions constant. The results reveal that the choice of sintering temperature had a 
significant effect on the final density of the pellet. Increasing the sintering temperature from 1500 
to 1700 oC resulted in average density increase from 90.9% TD to 98.5% TD. Increasing the 
sintering temperature further to 1800 oC did not result in an appreciable increase in density, 
indicating that the maximum compaction of ThO2 occurred at a temperature of 1700 
oC.  To better 
understand the effect of the hold time on the final density, pellets were sintered at a different dwell 
times of 5, 10 and 15 min keeping the sintering temperature and pressure at 1700 oC and 50 MPa, 
respectively. The density of the pellet increased from 96.5 to 98.6% TD with the change of hold 
time from 5 min to 10 min. However, further increasing the hold time to 15 min did not show any 
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significant influence on the density of the samples, demonstrating that a hold time of 5 min is 
sufficient to get a pellet of ThO2 with the desired density.  
Finally, the effect of sintering pressure on the density of the sintered pellet was investigated by 
changing the pressure from 30 MPa to 50 MPa and finally to 70 MPa, keeping all other sintering 
parameters constant (1700 oC and 10 min). Fig. 7.3.c indicates that at a temperature of 1700 oC, 
maintaining a pressure of 30 MPa for 10 min was sufficient to obtain the desired density (95.5% 
TD). The maximum density of 98.6% TD was obtained at 50 MPa and increasing the pressure to 
70 MPa did not have any effect on the density of the pellets. From all these cases, the pellets 
sintered using the following conditions; a) 1600 oC – 50MPa -10 min (94.5% TD), b) 1700 oC – 
30MPa -10 min (95.5% TD) and c) 1700 oC – 50MPa – 5 min (95.4% TD) have produced ThO2 
pellets with the desired density. All these measurements of density indicate that SPS is capable of 
producing high density pellet of ThO2 from the commercial powder at a temperature as low as 
1600 oC, while the sintering pressure and time were maintained at 50 MPa and 10 min, 
respectively. In contrast to the work done by Tyrpekl, where the maximum density of ThO2 pellets 
from the commercial powder was only 85% TD, we have fabricated pellets of ThO2 with higher 
density (95% TD) using SPS. 
7.4.3 Microstructural evolution of ThO2 
Microstructural analysis of ThO2 pellets was carried out to study the effect of sintering parameters 
on the development of the microstructure and the evolution of porosity in the fuel matrix. From 
the SEM micrographs, inferences can be made about the onset of essential phenomena such as the 
neck formation, inter and intragranular pore formation and coalescence, and grain growth. Fig. 7.4 
shows the evolution of microstructure of a sintered ThO2 pellet at the various sintering 
temperature. The SEM micrograph at 1500 oC indicates the beginning of the neck formation, which 
marks the initial stage of sintering. The micrograph at 1600 oC reveals the densification as well as 
the creation of separate pore structure, marking the onset of the intermediate step of sintering. At 
1700 oC, almost no porosity was visible due to pore shrinkage and closure. Additionally, grains 
have started to grow. 
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Fig. 7.4. SEM images for ThO2 fuel sintered at different temperature keeping sintering pressure as 
50 MPa and sintering hold time as 10 min. 
The effect of sintering hold time on the microstructure evolution considering three different hold 
times (5, 10 and 15 min) while keeping the sintering temperature and sintering pressure at 1700 
oC and 50 MPa, respectively, is illustrated in Fig. 7.5. At a hold time of 5 min, the microstructure 
has already attained a uniform structure with some intergranular pores. Comparing with the 
particle size of the as-received powder, the grains of the pellets sintered for 5 min has begun to 
grow (7 μm). As the hold time increased from 5 min to 10 min, the intergranular pores have 
disappeared, and with a further increase of hold time to 15 min, there was a significant grain 
growth. Finally, Fig. 7.6 shows the apparent effect of applied pressure on the microstructure of 
ThO2. Starting from an applied pressure of 30 MPa, the porosity has decreased, and grain size has 
increased in each case. 
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Fig. 7.5. SEM images for ThO2 fuel sintered at different sintering time keeping the sintering 
temperature as 1700 oC and appiled pressure as 50 MPa. 
 
 
Fig. 7.6. SEM images for ThO2 fuel sintered at different sintering pressure keeping the sintering 
temperature at 1700 oC and hold time 10 min. 
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7.4.4 Grain size and inverse pole figure from EBSD study  
In the case of UO2, Turnbull [284] has shown that the grain size of the fuel pellet plays a significant 
role in the fission gas release and swelling. Among the pellets of UO2 with a grain size of 7 μm 
and 40 μm, the pellet with the grain size of 40 μm has shown to have a significant reduction in 
both fission gas release and swelling. The grain size also influences the creep; for instance, when 
the stress is lower than the threshold stress, the creep rate is inversely proportional to the square 
of grain size [285].  Since the grain size plays a vital role in the performance of the fuel, it is 
imperative to have control over the grain size of the fuel pellets. In the present work, 
characterization of the pellets with EBSD allowed for the acquisition of orientation maps which 
visually and quantitatively show the grain size of the sintered pellets. Orientation maps can also 
give information regarding the microstructural evolution from powder to a sintered structure, the 
porosity and the preferred orientation of the grains. The orientation maps for the SPS ThO2 as a 
function of sintering temperature from 1500 to 1800 °C with an applied pressure of 50 MPa and 
hold time of 10 min are shown in Fig. 7.7.  
 
Fig. 7.7. EBSD images for ThO2 fuel sintered at different temperature a) 1500 
oC (3 μm) b) 1600 
oC (3 μm) c) 1700 oC (10 μm) d) 1800 oC (99 μm). The legend of the color maps is shown as an 
inset in figure (a), and black color represent the pores in the sample. 
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In these IPF maps, the different colors correspond to the crystallographic orientation of each grain 
in such a way that the vector normal to different crystallographic planes of the grains is parallel to 
the normal direction (ND) of the specimen. For instance, the blue color grains correspond to 
<111>//ND, the green color grains correspond to <110>//ND, and the red color grains have 
<100>//ND orientation.  
The correlation between the sintering temperature and the density is evident from the orientation 
maps. The EBSD orientation map also reveals that the quantity of intergranular pores was 
significantly higher at 1500 oC than in the case at 1600 oC. The average grain size for both the 
pellets sintered at 1500 oC and 1600 oC remained at 3 μm, indicating that the onset of grain growth 
required a temperature higher than 1600 oC. As the temperature increased to 1700 oC, the grains 
started to grow and had an average grain size of 10 μm. A further rise in temperature to 1800 oC 
has caused a significant increase in the size of the grain with an average size of 99 μm.  
 
Fig. 7.8. EBSD images for ThO2 fuel sintered at different hold time a) 5 min (7.5 μm) b) 10 min 
(10 μm) c) 15 min (105 μm). The legend of the color maps is shown as an inset in figure (a), ), 
black color represent the pores in the sample. 
Fig. 7.8 shows the orientation maps for SPS ThO2 produced at different hold time. The orientation 
map indicated that maintaining the sintering dwell time of 5 min, 10 min and 15 min has led to a 
grain size of 7.5 μm, 10 μm, and 105 μm, respectively. Also, a significant number of intergranular 
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pores when the hold time was kept at 5 min was observed. In the case where the hold time was 
maintained at 15 min, cracks were formed along the grain boundaries, as was seen by visual 
inspection. The formation of intergranular cracks due to grain growth has been investigated by 
Paggi et al. [286] and have attributed this phenomenon to the Hall-Petch effect. 
 
Fig. 7.9. EBSD images for ThO2 fuel sintered at different applied pressure a) 30 MPa (5 μm) b) 
50 MPa (10 μm) c) 70MPa (26 μm). The legend of the color maps is shown as an inset in figure 
(a), black color represent the pores in the sample. 
The orientation maps for the SPS ThO2 processed at varying pressures are shown in Fig. 7.9. The 
effect of applied pressure on the microstructure and grain size is apparent. The grain size has 
increased from 5.5 μm to 10 μm and 26 μm when the applied pressure was changed from 30 MPa 
to 70 MPa at an interval of 20 MPa. It has to be kindly noted, for brevity, the grain size distribution 
for each pellet is provided as S.I. from S.I.7.2-S.I.7.4. 
On the micro-texture analysis of the specimens, Fig. 7.10 presents the comparison of the inverse 
pole figures (IPF) triangle of two samples sintered at 1600 oC and 1700 oC. The majority of the 
grains were oriented near <111>//ND fiber texture with a minor spread near <011>//ND during 
the sintering process at 1600 oC. Similarly, at 1700 oC, the grains were oriented near <233>//ND. 
This behaviour could be attributed to the increased sintering temperature.  
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Fig. 7.10. Inverse pole figure of ThO2 a) pellet sintered at 1600 
oC, 50 MPa and 10 min b) pellet 
sintered at 1700 oC, 50 MPa and 10 min. 
7.4.5 Thermal diffusivity and thermal conductivity  
Fig. 7.11 shows the results of thermal diffusivity and the thermal conductivity measurement on 
ThO2 sintered at different sintering conditions by SPS. The analysis was conducted three times at 
each temperature, and an average value was plotted. The measurements were performed on three 
different samples sintered at 1500 oC, 1600 oC and 1700 oC and the densities of these samples are 
measured to be ~91% TD, ~95% TD and ~99% TD, respectively. The pellets sintered at 1500 oC 
had the lowest thermal diffusivity value of 0.046 cm2/s at 100 ℃, while the sample sintered at 1700 
oC showed a diffusivity of 0.053 cm2/s, an increase of 13%. With the rise in test temperature, the 
difference between the thermal diffusivity tends to decrease. Using the thermal diffusivity values, 
the thermal conductivity values were calculated and are presented in Fig. 7.11.b. The variation of 
density due to the thermal expansion and the Cp was calculated using the equations proposed by 
Bakker et al. [114] for ThO2.  
The thermal conductivity measurements indicate that the samples sintered at high temperature had 
a higher thermal conductivity. The reason for this was the improved microstructure, including the 
density and the grain size.  
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Fig. 7.11. (a) The thermal diffusivity of ThO2 as a function of temperature for specimens sintered 
at 1500 oC, 1600 oC and 1700 oC. The uncertainty in the data point from the laser flash apparatus 
is ± 4.5%. (b) The thermal conductivity of the samples sintered at 1500 oC, 1600 oC and 1700 oC. 
(c) The thermal conductivity for the sample with 95% TD compared with the results of Pillai et al. 
[121], Cozzo et al. [126] and the recommended value of Bakker et al. [114]. 
Fig. 7.11(c) shows the thermal conductivity of our sample with 95% TD compared with the results 
of Pillai et al. [121], Cozzo et al. [126] and the recommended value of Bakker et al. [114]. Our 
results are in excellent agreement with the recommended values of Bakker, whereas, the data of 
Pillai and Cozzo are lower. For thermal conductivity using laser flash apparatus, the estimated 
relative error for the whole temperature range is about 10% by considering the relative 
uncertainties on the thermal diffusivity (4.5%), specific heat (2%) and density (3%) [122,126,287]. 
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7.5 Conclusion 
This study shows that by using SPS, it is possible to fabricate high density ThO2 pellets at a low 
sintering temperature in a short time, without the addition of any sintering aid such as MgO and 
N2O5. A detailed analysis of the influence of sintering parameters on the densification of the ThO2 
pellets has been presented. The ThO2 pellet with the desired density of 95 %TD can be obtained 
at a temperature as low as 1600 ℃, thus can potentially overcome one of the major issues in the 
front end of the fuel cycle provided the problems with the industrial scalability of the SPS 
techniques are solved. Also, we have shown that by varying the sintering temperature, sintering 
pressure, and sintering time, it is possible to tune the microstructural characteristics of ThO2 fuel. 
EBSD studies quantitatively showed that higher sintering temperatures, pressure and hold time 
results in larger grain size. By optimizing the processing parameters, the grain size of the sintered 
pellets could be varied between 3 μm to 105 μm. The orientation maps demonstrated that some 
<111> texturing was observed in the pellet sintered at 1600 oC. The thermal diffusivity and thermal 
conductivity measurement reveal their dependence on the density of the samples. The 
understanding of the influence of the sintering parameters on the density, intergranular pores, grain 
size and thermal conductivity enables to tailor the sintering parameter to fabricate a highly 
customized fuel with desired properties. 
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7.6 Supplementary Information 
S.I.7.1 XRD Analysis of the samples   
 
 
Fig. 7.12. XRD images for ThO2 for fuel sintered (a) at different temperature, keeping pressure 
and hold time at 50 MPa and 10 min respectively (b) at different pressure, maintaining temperature 
and hold time at 1700 oC and 10 min (c) at different hold time, with temperature and pressure 
maintained at 1700 oC and 50 MPa respectively. 
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S.I.7.2 Grain size distribution  
 
1. Effect of sintering temperature on the grain size of the specimen.  
 
 
Fig. 7.13. Grain size distribution for ThO2 fuel sintered at different temperature a) 1500 
oC (3 μm) 
b) 1600 oC (3 μm) c) 1700 oC (10 μm) d) 1800 oC (99 μm).  
2. Effect of sintering hold time on the grain size of the specimen 
 
 
Fig. 7.14. Grain size distribution for ThO2 fuel sintered at different hold time a) 5 min (5 μm) b) 
10 min (10 μm) c) 15 min (105 μm). 
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3. Effect of sintering applied pressure on the grain size of the specimen. 
 
 
Fig. 7.15. Grain size distribution for ThO2 fuel sintered at different pressure a) 30 MPa (5 μm) b) 
50 MPa (10 μm) c) 70 MPa (26 μm). 
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Chapter 8 : Enhanced thermal conductivity of thorium dioxide-silicon carbide 
composite fuel pellets fabricated by spark plasma sintering (SPS) 
8.0 Overview  
So far, the thermal conductivity of the ThO2, surrogate CeO2 and the additives such as SiC and 
BeO have been individually investigated. We have also studied the effect of SPS processing 
parameter the densification, microstructure and the thermal conductivity of ThO2. The final 
objective of this work has been to establish the role of SiC addition on the densification, 
microstructure and the thermal conductivity of ThO2. This chapter describes in detail the effect of 
the addition of SiC in ThO2 on the densification, microstructure, and the thermal conductivity of 
ThO2-SiC composite fuels fabricated by SPS sintering process.  
The research findings reported in this chapter are prepared as manuscript #6 as follows: 
L. Malakkal, A. Prasad, J. Ranasinghe, M.K. Tummalapalli, E. Jossou, B. Szpunar, L. Bichler, J. 
Szpunar, “Enhanced thermal conductivity of thorium dioxide-silicon carbide composite fuel 
pellets fabricated by spark plasma sintering (SPS)”, manuscript prepared. 
The contributions of the PhD candidate are 1) performing DFT and MD calculations, 2) preparing 
the samples for characterization, 3) performing XRD, SEM, and EBSD characterizations, 4) 
measuring of thermal conductivity using Laser flash apparatus, 5) analyzing of the results, 6) 
writing the manuscript for publication. My supervisors reviewed the manuscript before it was 
submitted for publication in this journal. 
The differences between the content of this chapter and the submitted paper are:  
1. The equations used to determine the thermal diffusivity and the thermal conductivity using 
the laser flash apparatus has been removed to avoid repetition. They are presented as 
equations 2.28 and 2.28 in chapter 2.  
2. The references of the manuscript are listed at the end of the thesis.  
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Enhanced thermal conductivity of spark plasma sintered thorium dioxide-
silicon carbide composite fuel pellets  
Linu Malakkal1, Anil Prasad2, Jayangani Ranasinghe3, Murali Krishna Tummalapalli, Ericmoore 
Jossou1, Lukas Bichler2, Jerzy Szpunar1 
1Department of Mechanical Engineering, University of Saskatchewan, Canada 
2School of Engineering University of British Columbia-Okanagan Kelowna, Canada 
3Department of Physics and Engineering Physics, University of Saskatchewan, Canada 
8.1 Abstract 
ThO2-SiC composite fuel pellets were fabricated via the SPS method, to investigate the role of 
addition of SiC in enhancing the thermal conductivity of ThO2 fuel. SiC particles with an average 
grain size of one micrometre in 10 and 15 vol% were used to manufacture the composite pellets. 
The changes in the densification, microstructure and the thermal conductivity of the composites 
were explored by comparing with pure ThO2 pellets. The structural and microstructural 
characterization of the composite pellets has revealed that SPS could achieve pellets without the 
formation of any reaction products or intermetallics. The density measurement by the Archimedes 
principles and the grain size from the EBSD analysis have indicated that the composites have 
higher densities and smaller grain size than the pellets without SiC addition. Finally, thermal 
conductivity measurements as a function of temperature have revealed that SPS sintered ThO2–
SiC composites showed an increase of up to 56% in thermal conductivity compared to ThO2 
pellets. 
8.2 Introduction 
In the pursuit of a sustainable, renewable, and clean source of energy, the energy from the nuclear 
fission reaction is an attractive alternative to the power generated from fossil fuels. However, 
compared to other sources of renewable energy, the primary deterrent to the promotion of nuclear 
power has been the occurrence of tragic accidents such as in Chernobyl and Fukushima. After the 
Fukushima nuclear mishap, much focus has been given in developing new fuel-cladding concepts 
under the name of accident tolerant fuels (ATF) [5]. The ATFs are expected to have higher thermal 
conductivity making these fuels more resistant to meltdown during the loss of coolant accident 
(LOCA). The ceramic nuclear fuels in current use such as UO2 and ThO2 have lower thermal 
conductivity, thereby causing a higher radial thermal gradient in the fuel pellet, which could cause 
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the core of the pellet to melt. Two broad methods are being proposed to solve the problems of the 
lower thermal conductivity of the conventionally used ceramic fuels. They are the modification of 
the fuel geometry (modification from the solid cylinder to hollow cylinder) [288–290] and the 
enhancement of the thermal conductivity by the addition of materials with high thermal 
conductivity such as SiC [26–28,291], BeO [22,23,25,292,293], diamond [29], and Mo [294].  
Recently, various researchers have investigated the effect of the addition of high thermal 
conductivity materials in the enhancement of thermal conductivity of UO2. For example, Yeo et 
al. [27] fabricated the composite fuels of UO2–10 vol% SiC composite fuel pellets by oxidative 
sintering and SPS at a range of temperatures from 1400 to 1600 °C. In this study, the measurement 
of thermal conductivity revealed that SPS sintered UO2–SiC composites compared to UO2 pellets 
showed an increase of up to 62% in thermal conductivity. Zhou et al. [23] and Li et al. [24] have 
respectively demonstrated that adding 10 vol% of BeO increased the thermal conductivity by over 
40% and 45.3% compared to UO2 at room temperature. Chen et al. [29], using the SPS technique 
have made high density UO2–5 vol% diamond composite pellets and found an increase in thermal 
conductivity of up to 41.6%, 38.3% and 34.2% at 100 ℃, 500 ℃ and 900 ℃, respectively, 
compared to the pure UO2 fuel pellets. Cartas et al. [30] introduced the concept of adding carbon 
nanotubes (CNTs) into UO2 for thermal conductivity enhancement using SPS. In another work, 
Yao et al. [31] sintered UO2-graphite nanoplatelet (GNP) composite fuel via SPS and reported that 
the in-plane thermal conductivity nearly tripled by GNP addition.  
Apart from UO2 and its composites, the role of ThO2 in the ATF, as well as the generation 1V 
reactors, are also investigated [51]. Among the six future reactor concepts that the GIF proposed, 
the Canadian design SCWR considers the use of solid core thorium [52] and the MSR use the fuel 
(thorium or uranium) in liquid form [53]. Apart from these two concepts, thorium fuel cycle 
alternatives were analyzed in proven technologies such as high temperature gas-cooled reactor 
(HTGR) [54], LWR [55,56] and PWR [57], and also for new technologies such as gas turbine 
modular helium reactor [58], fixed bed nuclear reactor [59], and accelerator-driven systems [60].  
Even though there are several advantages in considering ThO2 fuels, its lower thermal conductivity 
is still a concern. Therefore, in this study, we have tried to enhance the thermal conductivity of 
ThO2 fuel by adding SiC as an additive. Towards this goal, we have fabricated ThO2-SiC 
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composite fuels. Apart from thermal conductivty, the effect of SiC addition in the densification, 
microstructural, and the grain size of ThO2 is also explored.  
8.3 Experimental procedure   
8.3.1 Precursor powder   
The ThO2 powder used in this study was supplied by IBILABS, U.S.A. (purity of 99.8%). The 
powder XRD of ThO2 revealed a single-phase face-centered cubic structure was having the lattice 
parameter of 5.60 Å. An additional peak corresponding to Thallium oxide, an impurity declared 
by the manufacturer was observed at a diffraction angle of 34°. Observation of powder via 
scanning electron microscopy (SEM) showed that the particle has a square-shaped morphology 
(Fig. 8.1.a) and the particle size ranged between 1-6 μm. Alfa Aesar Inc. supplied the SiC powder 
used in the study with a purity greater than 99.8% and an average particle size of 1 μm. The XRD 
analysis of the SiC powder revealed a single-phase face-centered cubic structure (β phase) with a 
lattice parameter of 4.42 Å. The SEM micrograph of the SiC powder showed the particle had a 
sharp-edged faceted morphology as shown in Fig. 8.1.b.  
 
Fig. 8.1. SEM micrograph of (a) ThO2 powder (b) SiC powder. 
 
8.4 SPS sintering of ThO2-SiC composite fuel 
8.4.1 Powder preparation  
Two powder batches were prepared; ThO2 with 3.25 wt% SiC (~10 vol %) and ThO2 with 5wt% 
(~15 vol%) SiC. A 30 g of composite powder blend of two batches were prepared using a planetary 
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ball mill. The powders were transferred to a stainless steel jar with a 10 mm diameter stainless 
steel balls, by maintaining the powder to ball ratio of 10:1. Ethanol was used as a process control 
agent (PCA) to enhance the efficiency of dispersion and blending. The powder was milled for an 
hour, and the powder-PCA slurry was separated from the jar and ball into a petri dish. The 
composite powder mixture was then dried in a fume-hood.  
8.4.2 Sintering  
The dried composite powders were sintered in an argon atmosphere using a Thermal technology 
LLC 10-3 Spark Plasma Sintering (SPS) system located at University of British Columbia 
(Kelowna, BC). The starting powder was loaded into the graphite die of internal diameter 12.7 
mm. A thin graphite foil (0.125 mm) was used at tooling powder interfaces to prevent friction and 
reaction between ThO2 and tooling. The die was placed inside an analytical balance for filling with 
the powder. Once the powder was filled the punch was inserted into the die with a grafoil disk in 
between the punch and the powder. The filled die was then placed inside the SPS chamber with a 
carbon sleeve around it. The carbon sleeve was used to reduce radiation heat loss at high 
temperatures. The entire die assembly was set up inside the chamber, and the chamber was 
evacuated and then filled with the Argon, and the sintering process was initiated. The temperature 
during the experiment was monitored using an optical pyrometer. The applied uniaxial pressure, 
temperature, chamber pressure, current, and voltage were continually recorded as a function of 
time. The sintering process was controlled by a built-in Eurotherm controller, which was 
programmed using iTools software.  
Initially, the temperature was ramped from room temperature to 600 oC at a heating rate of 
30 oC/min. The pressure is maintained at 5 MPa, and this condition is maintained for 15 seconds. 
This step was intended to allow the pyrometer to respond since it has a low-temperature cut-off of 
464 oC. Beyond this temperature, the heating rate was increased to 100 °C/min to a desired 
maximum sintering temperature of 1800 ℃. Further, the pressure was ramped to the desired 
sintering pressure of 60 MPa. The pressure ramp rate was coupled to the heating rate to reach the 
peak temperature and pressure at the same time. The hold time was maintained at 30sec. Three 
different heating and cooling rate of 50 oC/min 75 oC/min and 100 oC/min were used. Once at 
room temperature, the die was removed from the chamber, and the pellet was ejected. After 
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sintering, the chamber is allowed to cool, and the graphite die with sintered compact was taken out 
of the SPS chamber, and the pellets were subjected to different characterization techniques.  
8.4.3 Characterization methods 
The sintered pellets were ground using 500-grit sandpaper to remove the residual graphite foil. 
The cleaned specimens are characterized using techniques such as X-ray Diffraction (XRD), 
Raman spectroscopy, Scanning Electron Microscopy (SEM), Electron Back Scattered Diffraction 
(EBSD) and Laser Flash Apparatus (LFA). The XRD patterns were recorded using Bruker D8 
Discover with chromium K-alpha radiation at a temperature of 25 oC. The 2 angle was scanned 
from 20 to 110 with a step size of 0.01 and a scanning time of 600s per step. The software X’pert 
High Score Plus was used to fit the peak profile. The Archimedes’ method (Torbal density 
measurement kit) was used to determine the density of each pellet by immersing the pellets into 
the distilled water. Five reading were recorded for each specimen, and the average data with the 
error bar is reported. The samples were polished to mirror finish by grinding the pellets with silicon 
carbide (SiC) papers starting with a grain size of 46 μm and gradually bringing down to 5 μm. 
After polishing with the SiC paper, the samples were polished using 3 μm MD mol cloth with 3 
μm MD mol suspension, and 1 μm MD nap cloth with 1 μm MD nap suspension. The 
microstructural studies using SEM and EBSD on the polished specimens were carried out with a 
SU 6600 field emission-scanning electron microscopy.  
Thermal diffusivity measurements of samples were carried out using the LFA (TA instruments-
DLF-1/EM-1300). In this technique, a high-power laser pulse (450 μs pulse width) from a solid-
state Nd: glass laser pulse source is used to illuminate the front face of the sample while the 
resulting temperature rise is recorded on the rear face with a liquid nitrogen cooled InSb infrared 
detector. The samples used in this study were disc-shaped and measured about 12.7 mm in 
diameter and had the thickness in the range of 2 mm to 3 mm. The sample thickness was 
determined by averaging 5 values measured using a calibrated micrometer. The standard deviation 
of the average thickness was less than 0.02 mm. The samples are coated with the graphite spray 
for better absorption and emissivity of the laser flash. The measurements were conducted in the 
argon atmosphere starting from room temperature to 900 K. By measuring the time taken for the 
temperature rise in the rear face; laser flash technique records the thermal diffusivity (α) of the 
specimens using the Parkers relations [111] given as shown in equation (2.28). From the measured 
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α, the thermal conductivity as a function of temperature (k (T)) can be measured using the relation 
(2.29). In this work the Cp changes as a function of temperature was determined by comparing the 
maximum value of the temperature rise with that of a reference pellet, using the relation Cp = 
Q/(dT.m), where Q represents the energy of the pulsed laser beam, m mass of the specimen, and 
dT is the maximum value of the temperature rise. The reference pellet used was certified stainless 
steel. However, the density changes as a function of temperature have been kept constant. The 
thermal conductivity measurements were made on cylindrical pellets of diameter 12.7 mm and 
thickness 2-3 mm. 
8.5 Results and Discussions  
8.5.1 Structural characterization using X-ray Diffraction  
XRD was performed on all the sintered samples to determine the reaction products formed. Since 
the amount of SiC in the composites specimens were within the detection limits of XRD, a sample 
with higher weight percent (15 wt%) of SiC was fabricated by keeping the conditions similar to 
the ThO2-5vol% SiC pellets.  
 
Fig. 8.2. XRD analysis of the precursors (ThO2 and SiC) and the ThO2-15 wt% SiC sintered pellet. 
 
Fig. 8.2 compares the XRD patterns of the as-received ThO2 and SiC powder with the sintered 
composite pellets with the higher SiC concentration. The comparison of XRD pattern clearly 
shows that no additional peaks other than ThO2 and SiC were detected in the SPS sintered 
composite samples, indicating that no reaction products or intermetallic have been formed. For 
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brevity, the XRD analysis of all other samples considered in this work is provided as 
supplementary information (S.I).  
8.5.2 Density measurement  
The density of fuel pellets plays a significant role in nuclear fuel performance [283]. A fully dense 
fuel pellet is expected to have higher thermal conductivity than the porous pellets and therefore, 
fabricating a high density ThO2-SiC pellets are crucial for obtaining enhanced thermal 
conductivity. However, some porosity in the fuel pellets are required to accommodate the fission 
gas and hence, achieving a density of ~96% TD is desired in the nuclear industry. The measured 
relative density (RD) of the ThO2 and its composite pellets considered in this study, along with the 
sintering conditions used for fabricating each pellet is provided in table 8.1. The measured relative 
density of the composites indicates that the desired density of ~96% can be achieved using the 
sintering temperature of 1800 oC, the pressure of 60 MPa, and the hold time of 30 sec. The heating 
and cooling rate did not show any particular trend in the relative density value. However, it is 
interesting to note that under the same sintering conditions, the ThO2-SiC composite had a higher 
density than the pure ThO2. A similar trend of improvement in the density of Ni-Zn-Al alloy with 
the addition of SiC has been previously observed [295]. This increase in relative density might be 
due to the enhancement of thermal conductivity caused by SiC addition. Similar observations have 
been made in YSZ-CNT composites due to the addition of CNTs, with higher thermal conductivity 
[296]. 
Table 8.1. The density of the composite fuel. Sample A, B, C are ThO2 with 10 vol% SiC, and 
sample D carresponds to 15 vol% SiC. 
Sample 
name 
Temp. 
(oC) 
Press. 
(MPa) 
Time 
(s) 
Heating 
rate 
(oC/min) 
Cooling 
rate 
(oC/min) 
Composite 
RD 
(% TD) 
Pure ThO2 
RD 
(% TD) 
A 1800 60 30 50 50 96.53±0.08 94.40±0.07 
B 1800 60 30 75 75 98.66±0.04 95.50±0.07 
C 1800 60 30 100 100 96.83±0.06 94.50±0.08 
 D 1800 60 30 75 75 97.76±0.07 95.50±0.07 
 
8.5.3 Microstructure of the composite pellet 
Fig. 8.2.a and b show the SEM micrographs of sample A and B, respectively. The microstructure 
of ThO2-10 vol% SiC composite pellets reveals a uniform distribution of SiC particles in the 
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composite pellets. The particles were uniformly distributed without any agglomeration because of 
both ball milling and the dispersing agent ethanol. For the composites to have the desired property 
of enhanced thermal conductivity, ThO2 and SiC need to have good interfacial contact. Fig. 8.2.c 
shows a magnified image of an individual SiC particle in ThO2 matrix, the Fig. 8.2.c shows no 
evidence of crack and a good coherence between the additive and matrix. A similar observation 
was made by Yeo et al. [27] in the case of UO2-SiC composite fabricated by SPS.  
 
Fig. 8.3.(a) SEM micrograph of sample A, (b) SEM micrograph of sample B, (c) SEM 
micrograph indicating a good interfacial contact in sample A. 
The EDX micrograph and distribution maps of the corresponding elements of sample A such as 
Th, O, and Si are acquired using the characteristic X-ray from the K-line, as shown in Fig. 8.4. 
From the analysis of the EDX mapping/imaging of the material, it was further confirmed that SiC 
was uniformly distributed in the ThO2 matrix. Also, no other impurity elements were found in the 
sample as observed by EDX spectrum in Fig. 8.4.b. The carbon atom is not shown in the EDX plot 
because C in SiC represents a high-absorption situation because the Si L-shell absorption edges 
are located below the energy of the C K characteristic X-ray. The self-absorption of the C in SiC 
reduces its intensity relative to the Si peak such that the height of the Si peak limits the vertical 
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display range. Therefore, the C K peak is not visible as a distinct peak [297]. The role of SiC 
addition on the grain size of the composite pellets was studied using EBSD analysis. The EBSD 
micrograph and the grain size distribution of the pellets with and without the addition of SiC under 
the similar sintering conditions (conditions applied for the sample B) are shown in Fig.8.5. The 
average grain size of the composite fuels were 3 μm compared to the 6 μm of the pure ThO2 fuel. 
The reduction of the grain size of the composite fuels is attributed to the pinning effects. Similar 
observations were made in  the case of UO2-SiC composite fuels [27]. The addition of the second 
phase particles increases the pinning effects resulting in the smaller grain size of a composite. 
 
Fig. 8.4. (a), (b) SEM-EDX micrograph of sample A with the carresponding EDX analysis and 
distribution maps of the whole elemental composition (c) Th (d) O and (e) Si. 
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Fig. 8.5. Grain size comparison of the ThO2 pellets with and without the addtion of SiC. 
8.5.4 Thermal conductivity 
The thermal conductivity and thermal diffusivity of the pellets of ThO2 prepared with and without 
the addition of SiC via SPS are presented in Fig. 8.6. Three measurements were conducted from 
room temperature to 900 oC at an interval of 100 oC, and the average values were plotted. For 
thermal conductivity using laser flash apparatus, the estimated relative error for the whole 
temperature range is about 10% by considering the relative uncertainties on the thermal diffusivity 
(4.5%), specific heat (2%) and density (3%) [122,126,287]. The average thermal conductivity 
values of UO2 and UO2-10vol% SiC from the literature [27] at various temperatures are also shown 
in Fig.8.b. The SPS sintered ThO2-SiC composite pellets have higher thermal conductivity than 
ThO2 pellets. The composite pellet with a density of 96% TD had an increase in thermal 
conductivity of 46%, 56%, 49% at 100 °C, 500 °C and 800 °C, respectively, compared to the ThO2 
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pellet at similar density. The reduction of thermal conductivity as a function of temperature is 
attributed to the phonon-phonon scattering phenomena in the ceramic material. Comparing to the 
UO2-SiC composite, ThO2-SiC composite fuels have significant improvement in the thermal 
conductivity, as shown in Fig.8.6.b. 
 
Fig. 8.6. (a) Thermal diffusivity, (b) thermal conductivity values of ThO2 and ThO2–SiC composite 
pellets sintered by SPS. 
8.6 Conclusion 
 In this work, we have successfully manufactured high density ThO2-SiC composite fuels via SPS 
technique. The XRD analysis of the fabricated composite pellets indicates that SPS could produce 
the composite pellets without the formation of any intermetallics or reaction products. The density 
measurement of the fuel pellets sintered at similar sintering conditions has revealed that the 
composite pellets had a higher density than the pellets of ThO2 without the addition of SiC. The 
SEM micrograph and the EDX analysis of the sintered pellets have suggested that the using of ball 
milling and the process control agent to mix the powders has resulted in the uniform distribution 
of SiC in the ThO2 matrix. Additionally, the SEM micrograph has also shown superior interfacial 
contact between SiC and ThO2. The grain size measurement from the EBSD analysis has indicated 
that the addition of SiC to ThO2 has marginally reduced the grain size. Finally, the study reveals 
that the SiC addition to ThO2 has enhanced the thermal conductivity up to 56% compared to ThO2 
pellets. The results presented here suggest that SPS can offer a suitable method for manufacturing 
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composites with enhanced thermal conductivity provided the issues about the industrial scalability 
of the SPS is solved. 
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8.7 Supplementary Information 
S.I.8.1 XRD Analysis of the samples 
 
Fig. 8.7. XRD images for ThO2 and ThO2-SiC composites. 
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Chapter 9 : Conclusion and Future Work  
9.0 Overview  
The simulation and experimental results presented in this thesis can contribute to the development 
of the accident tolerant fuel. In this chapter, a conclusion of the key findings of each chapter is 
presented. Following that, the original contribution and some of the future work will be highlighted 
in details. 
 
9.1 Conclusion 
9.1.1 Atomisitc and experimental determination of the thermal conductivity of bulk and porous 
ThO2 and surrogate CeO2 fuels  
Though the understanding of the fundamental principles of thermal transport of UO2 is fairly 
established, the knowledge of the thermophysical and thermomechanical properties of ThO2 and 
the surrogate CeO2 is limited. Also, the available literature data on the thermal conductivity of 
these materials are scattered. Therefore, a first principle prediction of the thermal conductivity of 
ThO2 and CeO2 as a function of temperature was necessary. Understanding of the fundamental 
processes of thermal transport in these materials is vital for understanding various experimental 
findings. Chapter 3 presents, to the best of our knowledge, the most accurate DFT prediction of 
the 𝑘𝐿 of ThO2 as a function of temperature. This work also provides the details on the available 
three phonon scattering phase space, mode Grüneisen parameter, and the mode-wise thermal 
conductivity of ThO2. Using the MD simulations, the effect of porosity on the 𝑘𝐿 of ThO2 was 
simulated, and the presented results showed that large supercell is required for such studies. The 
theoretical predictions of thermal conductivities were validated by experimental measurements 
made on the pellets with different porosity. To conclude, the complete analysis of the 𝑘𝐿 of ThO2 
using the DFT has not only enabled to clarify the existing ambiguity in the thermal conductivity 
measurements and calculations but also provides the inputs required for the study of the mixed 
oxide fuels. A similar analysis of  the thermal properties of CeO2 is described in  Chapter 4.  
9.1.2 Role of nicrostructure in the thermophysical properties of the additives to thoria fuel 
Since SiC and BeO are the potential additives in composite nuclear fuels, it is crucial to understand 
the thermophysical properties of these materials. Therefore, chapter 5 and 6 respectively describe 
the thermal and thermodynamic properties of SiC and BeO across a range of temperatures typical 
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for a nuclear reactor. SiC in its particles and the whisker forms are considered for the nuclear 
applications. In this work, we have provided the DFT predictions of the thermal conductivity of 
the cubic SiC in it's bulk and nanowire forms. This study demonstrated the dependence of thermal 
conductivity of SiC nanowires on the wire diameter and crystal orientation. To conclude, this study 
provides a new understanding of the thermal conductivity of SiC nanowires in comparison to the 
bulk form. Furthermore, this work may help in the selection of the diameter and the orientation of 
the nanofibers for various nuclear applications.  
The dependence of structure on the structural, mechanical, phonons, phonon-assisted thermal 
properties and thermal conductivity of BeO was examined by considering its wurtzite and the cubic 
phase. Using the ab-initio approach, it was demonstrated that the cubic phase has better thermal 
conductivity than the common wurtzite phase of BeO. Since the understanding of the anisotropic 
thermal conductivity is essential in the evaluation of the fuel performance, this study predicted the 
anisotropy of the thermal conductivity of the BeO as a function of temperature and the  results 
obtained show that the anisotropy is small. All these predictions are essential in evaluating the 
performance of the composite fuels in the normal operating conditions and the accident scenarios. 
These results obtained can also serve as the inputs for the phase-field modelling of  fuel. 
9.1.3 Effect of SPS parameters on the densification, microstructure and the thermal conductivity 
of ThO2 
One of the significant issue in the front end of the thorium fuel cycle has been the difficulty in 
fabricating the dense pellets using the conventional sintering techniques. The traditional sintering 
of the ThO2 fuels required a maximum sintering temperature higher than 2000 ℃, longer sintering 
time, and also the help of various sintering aids. Therefore, the possibility of using SPS a non-
conventional sintering method for fabricating the nuclear grade thoria pellets was explored. 
Chapter 7 provides a systematic investigation of the influence of the processing parameter on the 
densification process, microstructure, grain size and thermal conductivity of thoria. The range of 
sintering temperature, pressure, and hold time has been systematically varied between 1500–1800 
℃, 50‒70 MPa and 5‒15 m, respectively. Our study has established that SPS is capable of 
producing high density pellet of ThO2 from the commercial powder at a temperature as low as 
1600 ℃, while the sintering pressure and time were maintained at 50 MPa and 10 min, respectively. 
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Also, this study demonstrated that the density, microstructure, grain size and thermal conductivity 
could be controlled by the choice of the sintering parameters.  
9.1.4 Effect of SiC addiction on the densification, microstructure and the thermal conductivity of 
ThO2 
The fabrication of ThO2-SiC composite fuels by SPS can enhance the thermal conductivity of 
ThO2 fuels by 56%. The enhanced thermal conductivity can reduce the temperature in the center 
of the fuel pellet during the regular operation and allow to withstand the loss of coolant for an 
extended time. Moreover, adding SiC can improve the sinterability of the ThO2, which is evident 
from the improvement in the density of the composite pellets. 
9.2 Original contribution 
The following are original contributions that can be drawn from the research findings obtained in 
this study: 
I. The thermophysical properties of ThO2 and CeO2 were calculated using atomistic-scale 
methods to complement the experimental findings. Our prediction of thermal conductivity 
of the ThO2 with the recently developed pseudopotential is the most accurate compared to 
the experimental values. For the first time, a fully ab initio prediction of thermal 
conductivity of CeO2 was made. It was established that like UO2 the optical mode phonons 
also contribute to the thermal conductivity of ThO2 and CeO2 and can serve as an input for 
various mesoscale modelling. 
II. For the first time, the thermal conductivity of the nanowires of SiC was predicted using the 
ab-initio technique. The dependence on diameter and crystal orientation of SiC nanowire 
has implications in the selection of SiC nanowires for nuclear applications. The structural, 
mechanical, phonons, phonon-assisted thermal properties and thermal conductivity of BeO 
in the WZ and ZB phase using ab-initio approach has been calculated. The predicted 
anisotropic variation kc/ka ratio in the temperature range of nuclear application was in 
agreement with the experimental results. Moreover, we have observed that the z-BeO is a 
better thermal conductor than the WZ phase, which may find exciting applications. 
III. SPS was used to fabricate high density ThO2 pellets at a low sintering temperature in a 
short time, without the addition of any sintering aid. A detailed analysis of the influence of 
sintering parameters on the densification of the ThO2 pellets has been presented. ThO2 
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pellet with the desired density of 95% TD was obtained at a temperature as low as 1600 ℃, 
potentially overcoming one of the major issues in the front end of the fuel cycle provided 
the problems with the industrial scalability of the SPS techniques are solved. The 
understanding of the influence of the sintering parameters on the density, intergranular 
pores, grain size and thermal conductivity enables to tailor the sintering parameter to 
fabricate a highly customized fuel with desired properties. 
IV. High density ThO2-SiC composite fuels were successfully manufactured via SPS technique 
for the first time. SiC addition to ThO2 has enhanced the thermal conductivity up to 56% 
compared to ThO2 pellets. The results presented here suggest that SPS can offer a suitable 
method for manufacturing composites with enhanced thermal conductivity. 
9.3 Recommendation for future work 
9.3.1 DFT determination of the thermal conductivity of mixed oxide  
Since mixed oxide fuels are considered as a potential fuel in the SCWR of the CANDU reactors, 
it is essential to widen the database on the thermal properties of the mixed oxides. Though MD 
simulations are performed to determine the thermal properties of the mixed oxide fuels, an ab-
initio prediction of these properties is still lacking. Therefore, it is recommended to perform a DFT 
calculation for predicting the thermal properties of the mixed oxides. The DFT predictions of the 
thermal conductivity of ThO2 and CeO2 presented in this thesis can serve for the prediction of the 
thermal conductivity of the mixed oxides fuels. 
9.3.2 Irradiation behaviour of the composite pellets 
A series of irradiation tests need to be conducted to evaluate the performance of the proposed 
ThO2-SiC composite under reactor operating conditions. The knowledge of the difference in the 
thermal conductivity of the unirradiated and the irradiated composite pellet is essential in the 
pursuit of this evolutionary fuel concept. Also, the availability of data regarding the irradiation 
damage and the fission gas release in these composite fuels is essential for commercial application. 
9.3.3 Thermal conductivity and the oxidation mechanism of the thorium nitride fuels 
Among the fuels based on thorium, information about the compounds such as nitrides and silicides 
of Th is very limited. Recently, investigations on thorium nitride (ThN) have attracted the attention 
of the researchers due to its substantially higher actinide density (11.17 g Th/cm3 vs 8.80 g Th/cm3 
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for ThN and ThO2, respectively), high melting point and higher thermal conductivity (ranging 
between 35-50 W/mK) [298]. However, the thermal conductivity prediction of ThN using DFT 
simulations were not made so far. Moreover, one of the major concerns in using metallic fuel such 
as ThN is the problem of oxidation in the oxygen-containing atmosphere during the fabrication, 
transportation, storage and in the worst-case accident scenario. Therefore, we recommend 
performing calculations to predict the phonon and electron contribution to the thermal conductivity 
of ThN and also the DFT calculation to understand the mechanism of the initial stages of ThN 
oxidation. Such calculations might  help in finding a solution for improvement of oxidation 
resistance. 
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Abstract 
Our project aims at providing the materials engineering fraternity with a simple and effective 
interface using ipython to operate Quantum ESPRESSO (QE), an open source code for materials 
simulation. QE is a first principles code using density functional theory, plane waves and pseudo 
potentials; it has ability to predict material properties. Ipython notebook interface uses the scope 
of the following libraries; Atomic Simulation Environment, matplotlib, scipy, numpy, pyspglib, 
elastic and newly developed library: QE-nipy-advanced to predict the properties. QE-nipy-
advanced is the latest version of QE-nipy. The latest version incorporates features that can take 
care of all the input parameters supported by PWscf and PHonon packages of Quantum 
ESPRESSO. Thermo-mechanical properties of some nuclear materials with different magnetic and 
metallic behavior has been studied using the QE-nipy-advanced, but in here we demonstrate the 
thermo-mechanical properties of non-magnetic insulator like silicon carbide and thoria, which are 
materials for future nuclear reactor applications. 
Further Details to this work can be found in the following reference. 
L. Malakkal, B. Szpunar, R. K. Siripurapu, J. C. Zuniga, J. A. Szpunar; "An Interface to Quantum 
ESPRESSO" published as proceedings of 3rd World Congress on Integrated Computational 
Materials Engineering (ICME 2015) Pennsylvania USA, published by Wiley publications.  
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